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Them8 p6sW* am. to be pr'esented ut the Siene*
S~mPosl=an D etobt1 mi being sponisored by this

.3'lt 1t09 an 9,& .108 wAn 11% Fbba'wry 1955. Two volumes
.lop, AM being issued* an containing the uncla sified

and the ot~her the classified papes.a 1&-smuc as
the. Prpr~pints are receiving a lisited distribu-
tion th4 are not to beconsidered as asubstj&Ujt.
fow public&ticm In appropriate scienti~fic Jourwnals.

Se object of this synmposimau is to bring
tort~h~e solantists troam goarnInr uai:msity a&d.
1DMutX7 to 'discuss recent advw.nces in M~eor"1,

WerawaMAapplic~itlon in this field of .n.

This Office is of the o~zji-ý-. Shat the sympo.-
sinum at which -theme papero wý be discued will

atiL~a new res,04rck .z.ti~s caqlez field, Ma
relAtionship of ;.-swýýces in the knowled&e of deto-
n~t4=m pbno!.,:. rsu the effectiveness of te um
at mol .2p.u sagxosives nilces this aspect at
SCO'.a"p -of Import gz to the Depawtawlt Of the

W'. adthe Lwtmamt~ Def~ense,

-T &U 'lb aldwes ame catribating pagan azd
Plan to attend this symmposium, the Of fice of Naval
baesarth express.. its appeeoiation.

F. R. MIS

F' Chief Of Naval HM44-Ch
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lo= Alamios New MGexico

M&4 yroofsiaou determimtat lam o ~f tom~t:on aelocty, ft so=l
exploSIvea "Mte~e special diffleUllie* ~at, associated vith liq~uid
andI Vaseou explosives. In particular, the problem of homo~eniety
vith respect. to density and composition is peculiar. to solids.
Particle a~ distribution also has an effect on detonation velocity
v..ch, o co'Bes Is not encountered in h.omoenous explosives. These
factors especia.Uy must be rigorously controlled in order to achieve(the desired confidence Intwmvals in our detontion velocity studies.

To accomplish our aima of the. highest degree of hoizageneitt7
obtainable., a great dual of development york bas been done in tin
past fe" years. The various develoyzmt pbases, to mntion only a
fewhv Included devi~m engineerivg,ý Instrumentation,, ireologicml
studios, casting techniques., prealsinS techniques., striflyt~ical, methods#
i.A date anal..s. Obviusly, -al or this work cannot be treated.
withii the scope of this paper; therefore,, this discussion is limited
to casting, pressingj, McbInIz~g and inspection techniques.

S vlp u btow -th
degree of yrecision ebts.1ed,

CAMM~

A complete description of the casting techniques used on the
variou. explosives studied here at Lm Alamos Scientif ic Laboratory
vould be needlesaly long. I have$ therefore, selected "Grde V enev
tompouition Bt o produced by Holston Defense Corporati n t be

re~rosentative of a typical ordnance explosiv'n and will describe the
experlme-tal methods and tecbniqu.hs related to detonation veloityr
studies on this mterial in 6ot detail. Other ccu n cst exploslv.-

* - , 1 . ' ,.pLi IN A



&V* been. just astharou40ly stwIdied but~ th hiea
vmmallr differ only in detail, not in p~cpt

We usEt e 30 r50-pSMUOM v*acuum melt kettles to melt our

explosive. For moat precise detonat..u velocity work, smaller ký-ttles
* kttoduem an mdeole imsl because =&Zft~ MT b

requIred to, prepare enough material to complete aneprint

Our kettlez are equipped vita two agitators., each vith a
varijable speed control.. One of the agitators., a large-anebor-typ&,
conforms to the hemispherical contour of the Jacketed kettle bottoa
and the blades v.rs pitched so &a to iinpevwt an upward movemet to theI
melt. The second agitator, a smiller turbine-type,, in offset and at

anangle from center. This turbine stirs in opposition to the anchor.

The temperat'ire of the melt is controlled by a sensitive
hot. and cold-water proportioning system suilying circuzlating vater
to tbe jacket and capable of bolding the te-ertur of the melt to
+-240, During O ine altilng operation the tempeature difrerential
raetvoon the jacket and melt is kept to a Aninilman to prevent local
overheating.

*A vacwzm system is used which can ma~intain the kettle at
preeautwes as low as. 25 = NS Figure I is a sinplified illustration

af melt kettle.

I[ melting procedure and., for any subsequ~ent exApeimbent, the difrerent

steps and conditions are exactly specified. Attention in pai& to tba
effect of variations in timej, temperature and spieeds of agift~ati
since they %ndoubtedly affect the rheology of the melt In a cazlex
fashion.~ It is knovu for initmace that the particle size distributla
of JRZC in Composition B and the attendant apparent visý4*aiW Is
seneitive to the nalt procedure. Long periods of unduly hih-.
teinprature stirring tend to elimina te the finer R=1~ crystals.
presumablY through preferential solubility in the liquid TNT s Iba
and, then redeposition on the larger RIM crystals.

Our -,ocedure for melting a 275-lb batch of Compoaiticn B in
aL 30ý-gallon kettle allows one hour melting time and subsequently
30 minutes of stirring at 25 mmabsolute pressure. Jacket temperature

isl gt a maxim,= of 110"C when awlting Is started and automtically
reduces to 83' by the time melting is completed. Teanchor agitator

Efforts to cast cylinadrical charges of the desired diamterI

f or rate sticks, eve with long riser sections,, have been abandoned.
our molds are designed with the idea of achieving minimim composition
and. dx~nsity spreads within a region of the casting large enough to
include a rnwnber of rate sticks. The casting id sawed into sectionb,9
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t.h1e poor~est, -.a:lons c~serOd, eand th -I sticks each~the< out; of t€

'Tba, &-a weda to+ ptrdc the caue oro am of our e~xperi-
innt .Is Iltvate, In Figure 2. Miale . makes- a slab ,,ppro•itely
8--lncea blSh s•l 12 z 16 Imbes on a side. Both the top and bottom
beat transfer section of tkw =]A are rupplied. with individally

vtb• + 2"C and cy,€ .e tixing -Uved within + 5 minutes. The afs •
v&339 are w~t of a Omtinsted cloth ietoed with pheno...ic resin

etra l whic serve awe or less, as an Ioator and prevent freezi2

from the aides Intard. The rest aC t tbs=. In a• at 24T durale
( U our procedure for Ch aspm- to 3 we preraot the sod to

Wc (at 2st two barn are required for the oearta side walls).
Powring Is done at 834C and care In takes, to. Insure that little or no
air is entrapped. ote mt Is allmed to sett3e In the sld for two
hours vi't the top plate at 85"C and botto plate at 900C. Dwring tis
tim the MM settles to Its equilbrii vwackin arrangeaznt in the
fluid I= At the and ar the t-mer settlne g period,,tere u In
the bottaa plate Is reduced to WnC and frezig from the bottom
stnAd. Two hours later tenrat-e In tbs bottm plaor te is further
rldticed to 30C and bold far an additiAoal afi hours. During this t•n
hours tbe top pAMte rensv at 85o*C. Ne %he top plate Is lowered to
80C and tsh two plates oeld at theirerespe•tve temperstures for sli
hos me, at which. tie the ted *red water supply to the top plate in
cutnoff.a Teszver]. ao the bottt plate Is maintalned at 3eC for six
a~dtio a l bowns and finally t-ed of. "eoe hour. later the n" Ia
disaasectledn the ansting rsmvr.ids, placn in an insulated bom and
allowed to rezn.3z for at least twelve tddie•l he rs. The top half
of the sflab in theni sawed Wff and discarded. 2he resaIM11ie of tbs
*eslab in mw ready for the saving and eestiy

SoThis rater Involved pr'ocedure -la , result of a develositt
iprea n which various tiE3 andi te2Ter cycles tere tested and

the eptium procedure selected on the basis cf the radiographic
Inspection as well as the results of a statistical analysis of cowpoei-
tion and. density spreads.., Sazple Vlugs were removed froma representative
castings and subjected to a sub=- lonf density check and a chemidal
cop-nition a lhsis. Thus we determined that the casting procedure
described In the preceding paragraph bas a 95% certaintylof producin~g,
over the lower tour-In. thickness, a casting with rixm density
spreads of 0.010 Lu/CC Gad COOPOIsition spMead Of 2.3% =0X

The procedure dascribed. Is for Composition B con~tainin 0,1%
cc an additive which in a 50/50 weight 'mixture of a-nitrotoluene and
p-niltr~otoluene. Thea. additives torn a eutetic v-4tb T~ which
appipently contributes a great deal taward waking strain-free castInag.
SjzlTar casting procedures have been vorked out without any addltive
but they am mich ar t' -consuming.

I4
.1, 'A '



fhe Mic=t& a&4e vals p I we bteve, a rale fn mkfrg a
were w less sra'in .ree casting. heir low heat conductivity alloi
the liquid/solid interface to move as a plane from the bottom 4 ý Ze
eating mod upward during the freezing process. At least this U
true far the first four inches, After the first. four inches are
frozen, ve are not web concerned vith the vvper x . tb a
O Iup KWgM&M t w fast, can. iuce strain In t•e 1
sect in. We deduce this freetng pattern by observing the orientation
of the TWT crystals at various levels of the casting. We also obsenve
i•at vwhen freezing is deliberately induced from the sides nvard,, a
strained casting results. MNirous cracks are invariably present and
If the casting is subjected to even ad temperature variations there
is a %.endency for it to Warps

Our concern with- itraiu-free castings has to do it a deswt&
to-produce cbarges with little or no tendency to deve!jp cracks betvea
the t1m they are fabricated and fired. It Is clcar that, should
ecny ks develop after dimen loraui inspectiona the inspection '
are x longer the true aeur-e of the d±,mensions of the test gchrge.

At Los Alamos Scientific IAborstory we have studied a nuaber
of fewalatio•ms singlar to C=position A but vith a variety of other
bi3ws. Those with a relatively high softe point seem preferable
when the purpose is to produce cbmrses of maziwm q~ualtyý..

Most of these explosives are =& by & slurry process
in principle to the process used in the =nmufacture of Coopoaition A.&
When very hi melting po•ut binders are used It Is convenient to dis-
solve the binier in a suitable solvent. The solution is then added to
a violently agitated aqueous dispersion ct MM. The solven Is then
stripped from the slurry by distillation. Subsequentl•, the slurry is.
filtered and then dried. This process, if properly controlled for the
specific wax, produces owe or less spherical wranxles about 1 In
d lemtet.

Such explosives are most conveniently fabricated by compres-
sion molding in an evacuated die. Certain of thL inherent difficulties
of cast explosives, such as the bettling problem and attendAnt composi-
tion 1nh "lety, either do not exiet or are of a much smaller degree
in pressed explosives. In fact, ve have seldom been awle to demostrate
copositioisl variation within a single pressing. Usually, anvayticsl
difTerences are cf the same order of magnitude as the errors of
analysis, ard statistical terts ahoy no signif cance in the coapositioi*
spreads reported.

The story of density spreads i somewhat different. lArge
density spreads are observed if pressing is done vithout evacuating
the mld cavity. A considerable s=ount of developznt work has gone
into various techniques of moldin and we have concluded that only
vacuim mold Y1 will produce the charges of sufficiently hith quality
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Figue 3 llustrates mo w ye t a-mnlwi s
h~erkeMwchisio prtioation indeGt.. e~ tuts h

use intheplastics Uuty h rnir ifrneblaI h

&&Ithemetl Jm~e~atly urrundngtbe- d~ie -cavity. These are made
c' Croca" ahaalooi-ardeangtoc tea sega wClro=a is

hardened the Rockwel 57 + 2C. Ther inch dsurfter. rplsedt

The hent transfer system. is similar to' the oW ued In
casting and capable ct equally precise temperature control.- It,
operates,9 however, at an input pressure of 95 psi~a and a suction
pressur,3 of 55 Psi; therefore, texpermtures up to 150C are attainable.

The mold in installed an an Mlia 300-ton camression-Mlin
press equipped with a sexi-automatz control circuit. After loadin
the moldA with molding powder the operator has only to atart the cycle. .LThe rest of the o~peration is autamtica.U~y controlled by ab serie at.
is insured.

uiv-ea the mold is ~ecfficie&,Zyv utilized in actual pressing. Tae
&ore# we preheat our powder 2.x ~ys to a temperature depending on the
formulation in a steami-heated fox.ed-draft oven. When a fairly riald
binder is used, texperatures as high as 15*C my be necessary. This
powder is transferred to the mold, at the amm temperature and the
Jover punch and. the tie advances to a prepress pc.sitiona, thereby comi.-
pacting the powder sligIitly. After five seconcls, the ram r'etracts to
evacuation position. A poppet valve in the upper punch opens and

evcutinbegins taslwrte trouga a. throttled au Lm
preresing and, throttling ame both intended tominimze entrainsent
of molding powder. At the end of 15 secondab, the density of the,
residual air being pumped out is sufficiently low so that erntrainiMt 4
ceases to be a problem. At this time, full vacuua is applied and at
the end of one minute total evacuation time, the abaolute pressure In
the mold cavity hmas been reduced to less than 1 ma Eg. The press now
goes an compression stroke sinmltane-ously with the closing of the
vacuum v~w-e. Pressure applied is usilal Iy a-roun~d 13,,000- psi, Fifteen

* second', are requtre to completely close the press. The leek rate at
the mold at 1 mm Hg ia about 0.1 mmHb per minute,, so during the 0

* r~ifteen seconds elapsing after~ the vact.nz is cut oft and full
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comeanim accwe tbew pressar rise is migaftang±±t. ITi weeew,
dwell lasts '90 ec cod. At the end of tkw. cycle, the press ZsA

r~tct-an th mode-~ sbrg s i a Si 1mr1, s~ted. Mr an pr.
NO'se still ata this It i

COU O-It , &. tisteq~eature# but icintly rigid to be iMabdie.
or zadoottna inm2Jlated boCooling UsLYtLku 1 bows or00

and threor evn arest ohargs dontrequire ayspecal"

hsA1ln d~rn cooA A p

laticas. For' axs= t Ccaposition Awith vax of the ugml Mit1i L
AtanAI MI apst* at roon temperat.

We bave bad amo success In pressing high-qusaity M than V
bave had withi casting. We are able, routinly, to press to & density
at 1.62 pWCO MA for us to obtain an equimalent density vith cagt W
bas been a mtter ef cacasional rart luck. fte pressing proceewe fir
WE in identical to the am outlined abmi except that ve us, a 70*C
Pwehet xnM 70% moJ q -;Verature. In the cune of WItsr we
=nat not exceed 75% or =a local mltiza villccr

The syftlftl~ procedar described is by x~o mnso the only
vhich can be used to =mks hlgh-qjuSlity charges. M", procedUw merely.
happens to suit -a lat~icul eq~uip~t tod In tbe Intersbd'4
reproducibility It Is rIe6orouLY obaerved. The procedure vorika '. 1

on eryensiPMvew bassiybeenea4 nalyes o iniiusea anressingsl&

*~ ~ ~~W doD1~g aM r tattmpt' dvaio of dxpluity asou they cow of Mthe

prssingr dperiation, buesty rute ecns id tern bourho 9feg t.01 be/cc.hl
Ingosltock Th variatous rae thick a m Sigl pein& d beomtwen pessings
jus as twe do~ Loth c ast explosives ae oleeyta diffrenc bein sthat w

abeovm t piclysaitin spready s ufs0,00y givec inpthed s which diaete



~sti tcal ± isn••ble frua the emIYUi.61 wrcw.

"Both the rough castlogs an the Prersd, bl ark are i-chib&ng
to tho firal dimension. No very special techniques not aready
CaltUar to the michine-tool industr7 are eqaloye' but certain
aditiioaaL safety precaaxt~mi m ober. e.ll~r aftwo
explosive& are ubauitted for routine Iahning, a b -gh.speed McI
te#t Is done an8a remotely-controlled drill press with a face Mitli,4)
tooL Speeds as high as 140 r~p and feeds of 0.045 in. per revoluti,
are employed. W a s ix-1n. dia. charge the 1inear cutting rate is asl
hi4i ab 2200 ft. per =in. at the edge. When a test explosive aurviwe
thig test withou' any e'Adence of decoasitimn it is considered] saej
to mchine with :6lat-edged Milling tools or the pointed tools coMM
to l2the work at rates up to 200 ft. mar adn. Cut-off tools and dril,
are in exceptional case because effective cooling of l1i cutting edge
is difficult. This latter type of mciing C]Mrati.o is conside,&aG
1uaoam,.aiand -the dr1111ig of small-da -*ter deep .holes es6ecially

Kos t rate sticILL, wre cylindrical. The operation of cuttingl
the cylinder to the correct dian ter is usually done f irst. The I
cylinder is then saved to an appropriate lengjth and finished dimensim

Sobtained either by millihZ or facing of on a lathe. Rectangular
stiOks are prepared by mllUing alone.

Whenever possible, mach is done "bile flooding .-ith
wate. Wateresoluble and porous explosivs are machined dry. Dry
uahmpq . we feel$ 13 justified Inscrar as the higb-cee& test In I
damn Vithout water.

The fragility of certain explosives,, in prtilcular cast
mtor'la.s, poses a special problem not often encountered in norna
mahining practice. Securing the piece to be machined on the lathe
or frAl requires that special vacuum chucks be used with large pieces
Sm• pieces do not have sufficient area for vacuum c•hucks to work so
we wie "Lucite" collets since ordnary metal collets cause excess

Before machining, all charges are subject to radlograpbie
incp4ction. In this manner cavities and crocks are detected. Shoulk
any defects exist the charge is rejected.

Dimensional
Di8.meter and length measurements are made with convention=

au§uring devices such as micro"u,-4er, dial indicator gauges and, on
oce(iont a cathetometer is used for cross-cecking.o.

9



A.

theix~osiis' Uder atJ=t'anall. exhibit the bW11Ul±r

ecficients .of expa~u1m sactnt~ectO arpalc co acm
value or the coefficient or tber=L xioini almost Invariably LUGS
In the ra t 2 X 10" in./i4C.

Nost Cast explosive Charges cotinin ap~w=iabl. anoWits at

i A - mimn= Is bellaved, due to cartain 1 zr itia. Un W; ee4., Mr
mgavixe for any lenath of tim, will show considerable grouwth SAd

reinspection is therefore incessarye In order to avroid excessiVO graif
we also make an effort to fire the charges with a izdalina delay ~OW
they ame machine&* Also they are protected splnst excessive t4pOS'c&

Samexpsives deemintiow is igm ownk aven aegeing.~ 0f0wb
sue ofag tas, piken plae dhe pitye are mll&lonteicarges istb WO
byther e all~sow suthod stek tompate mwthme after malli larger ch be

volu A db enihty dJ cmane ti aus EM btainevery achag Inetded £C
v elocitey wotrk. The s used dpw~s aomewlasst acnothigeomtry and
sieo h pee h density daemntonad nthe case of press charges, Isl~ wth

easiy03 pe/cp tolerancsconsideely acetbl easrn.h 0

abyrc ofe thearo amerhoe. WeForxmplte the averae .=ait of all lorge Cf
fom te ahdfifeh dinamtnserctiroe daa ndoAste density iso dethieey 1p3C.
meiit, and5 weight.s We0( copae/ hrt the vleobandenbiy ealchmethd = 4

Wselecediontelmdiate. Just hichmetho amicessted aor.igt try oret
denserisy doterc anod. ine thbercseo mtof presfers thwes d~a~vn
wthitwhn c s/ofpet ethie iavobainedensthe areslsm bcepe fpnorS d&UetL
teoc~ wook. c cilasy pearetrator.O theio othr andc ieasoficint bet1

hltofti Ih dhenst slctonpte frmdin lispecifcaio;omev
aol ca000 s/c thleranp e Is vca tbeoonslarged bust h. ~ ps

effects peactrafithe densityod iestnaddeita

data btaf inchd o eAl charges whos densiutey in -errine tbys d*55re'0
sintc the as muich are000 notcr histly thaOyt the~*i defsty~ rS.D

byme eoa dt.Jswhch method fogpieso voes tnhei lmorez narly IaX
valswer s ntkon h um inmto ufr h iavLha whe coplt wetn is obaie th10utsmyb pv u



7.. shac VIthWs 0.005 gm/..* For a given lot of piece. mahined from a
6ifcl65 chearm we asomp that the anaI1-diameter 'rate sticks (lose tUsa
414M In. )bhew tbasoe aboaolu density as the dematy 4e M ~
th larger 2ieoes- out from th a charge. The standard dowlatlo- 4t
the density ve **cri~b* to the series of snall-diameter rate sticks lot
haftersz ta~ken r the ipaouna voiwe measurement data. We
justify this z'tasomns by the fact that we believe the submersion
Methad gives relatively blo precisions even thoqg ve suspect Its,

Couposition analyss an Coaposit ion D are done in the sa/I
EMnO. (i) Our data indicate that the analytical piocedmedscie
ft tJ* JAB xpaciticatiom produces a standard erro~r at about 0.1%.

Zvery cast rate stick Increwnt of & caq~osite explosive to

sec~an&~such a manner that a usole plug is cut from the regionsa

smm] npatt~er'n#additional datan the compositioc adjacent to the

acacepted. for dotoznitimn velocity =&sureventa only If cositilon.
spread. Inferred from the c~oagition analysis adjacent to the specific
charge is nom than 0.5 percent R1M. Counposition spread analyes,
are n~ot done an vaac.i-reseed cbarges because of thefr inherent(ii afrwity; hmrevero lot ausyses awe porf ox me routIvely cc the
uald~inS pword Itself.

rhathods of anal",~ of exvlooives mixtumse vay sacmebat with.
the type of for=4atioai. Mwept for the me of a solvent picked for
ths specific cowianmts of the explosives the procedwe Is similar to
the am used for Cas~positIom D. Analytical pmeisiom cf the ardor of
OJ$ Is obtained, for moat mixtiee involving ~

Detonation. velocity aauem are usj corrected to a
coc= density and c~ogaitiam. The velocity correctlan factor ve wo
for Com~position D with respect to density is 3400 mw/sec/ip/cced teA
CozPosition Is 10 a/sec/ft& Several other values are used by
warke-a in the field but the exat values are not hl-gbly Iuiprtant,
for s=Uf carrectloins.(2)

Particle Size
Pressed exqplasivea suchx ansI present a p3Qblea In

describing their particle size distribution. It Is a sizple utter by
conventionl vet-screening methods to obtain a distribution charsac
teristlo of the moldina powder. Whether or not this distributica bas
any real meanilg after the explosive has been highly compressed to
almost crystal density in not known. At any rate, ve have followed
the line or least resistance and ve cha~racterize the po~rticl~e aie
distribution af a gsInple pressed explosive by the wadbers obtained
froa the screen analysis on thes poWder before pressing.



-- . £,'."

.. t M! . O . aples of the fnsed €antInt a...
dqem"n ithe'ti om thCI reepee d~trO etio I cerasthexpoi ib -~.

Siproac' iit the extraction pasoedure Iatsef also sffers fe thesam Inern difficulty.e dpgtibl main .aI41 chna I& VwUa& .* 4 - .a;t- a - - • ,... ,.•

fr~c T kim. situatinx In CarosamlnAsI nofte qinithe costim eas__
* dqterinin fo cas~t fl e~y~else Th =istwebution U i ineesolube ineta

waxppchbut n o the w etsctacsprosieons itez~lf als satfer far th ex

t*e process tim dfrif whtih the MU Is subjected to avwent atm

is quite abr ao•e to the time invoved In the Cmq t a •••••'
Ssystev.. Tberefcwe s a eemntion at paricl size distriutlmtL at." "4-+

the EKt used In pCcumt•os io tAe s m u t faie as n of tasfina particlef thize Inoapoesitio pqlow,~ Sam oleint ofe the ---

pteprclesmst tne= during pressitng butC Is isube to solvenebrdthacti
0s mait vsbW contribudtes th imy ainled iatthest,,stis

some c. ow forweftoona ancludo atiloe sre 1 Which

passes UtO a 32 msh screen. The distribution of this fi-ctiomI ~is deerodned by a a tintmierthod.

Particle sire distribution of the exp3.ooive powder &Mesate
as distiuAvished frau the puticle size or the n itself is not.,.
believed to have anW Inflence cc the detotion process and therefw
ix only considered Insofar a it I& related to the praetua apect
at yssi-.' 7 -..

• mDLorA-IW Y3ZoCIYY o' •m, CG,,. A+ :,*,eK TBAIT P MrDOW -

A specml for latIon samilr to Cap. As but vith a Same.
what hi4* =,.ting wax was used to press 6&in. dia. by 4-n.,. M "% ,,..% %'.

cylriners In our vncnm cold according to the procedu given in the .,
section on pressing. Caposition analys-s before preasing indicated
an MX content of 91.8 + 0.1 percent. FPrticle size dietribution at
the RM used in the cocpoaition is apprazimtely that given in the
tble belw. Five out of a total of twenty-five of the 6-in. x •I.ni.
cylinders vere secticneA for density spread. The extreme variation
found In any one cylinder was 0.0o0 go/cc. Averg =eim =-. varlatio-
avs 0.0032 W/ce.

vo-inch long cylinders or i in., 1/2 in., 1/3 In., 1/5 IL., 6
an&. 116 in. diameter were mLchined. from the m~Aded blianks . ftepieces falling vikb-1n the density limit of 1.6874 + 0.0010 wr
selected for the atomtion ualait~y deteradmztion. This density 18

12,
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PART S= C M

250 "23LO LO. T
P..

as 3.6

30 2O 25 P5

Is-T5 11.P
Ila" thma P. Jw2a

Us vela~it~y dafta m tbese rate stifk vmr ebtaimg by
arow =..e using the tdhiqsGe edW by CmubellD Mal"Sa Dad

a~d rlL(3 Zn ah14 I the at " pe s=rftei !b fteaae A,--

the rae sticks =t absrved, at tbs* t~in at tiring sri oarswtlams
O.ft" 1Aw mth and density whenver tf rIng e~~a't differed by
acre tb= VC f Imspeto Flara~w b"0- ýbuI s limar coefficient at
mpel =sad Inozmat,±n the ooweomt'ans 6.7 x 10-'5 /ln./i 0.c

*An encra xwreci Vas also UMOae mu.g that the beat anpacity at
the zatea'1al was 0.,35 cal Cawlssu that
vaC0.35 (T25 + Uoo] avvl/?ohot is ISW C. !he mat at waamoica
at = at 250C Is take as 1100 001/616 fte wt detonstion velcity
correctiua for t~emmt~we for all tezpeat' effects4 Is thus
estimated to be '.0.35 8/sc/'*C.

An average velocity and the asim"1.ated 95% ccdlmase lmi
ct the average was ccc:puted at each d±evater. In Figure 14 these
averges and their 95% conf ldemw limits an platted as a funotiomat
reciprocal dimIntuee

ft data vexe f itted by the least sqmnrss method to ^a
eqaticna t the ftom

D aso + % (.1/d) *4 2 (1/d)Ot

hch, aveemo was velghted according to the reciprca1 of the squar
of its U&SOt 2en1 lt*

13
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-n . .o..TAB IZ

DETW~tVXLOCCTY - DUANL' MM.f~

A A+-.)

M53-

_ .5999 e ,L8P.• 5.
8261.?
8283.8
8266.3

8259.5
8235.0
82.5 8633 8253.7 114. 1,
8259,1

82314.2
0.333 8230.8 8236.1 12.9 13-5

8231A1
8255.6
82145.7

05822

0"1607.0 821.1 13.5 114.2

8203.1

8195 .1
"".8

0.2w0 8162.7 8171.6 24.3
8161.7

o.16o 81 4 81-•.9 13.9 11.7

81zA1.8145.T
S0.16T 8157.A 8142.9 13.9 14.T

8159.2

( * Fifth Ineremeit omitted from calculation of average.

S~15



Thes tandar erzw. ct tho coetticlentz ver. -~t 4 acca*6
In to azt~of m cc the L*Uhod descwib4 b7 RIxgnp.) Rule 9
i atut Is 3itsted to equIly-avaced. argusnt and If on Is desjrow

cc EI -M tbeir data the nthot -2 Nedwre it Gre roupI-I
lAW., bower,, bave extended the method to wse poiute vwj1 accordift
to W1res tthe squae of the ~ a confidenc* ltmi attache t4 -ny,

N

so WC06.8 +l.233 1
-- 1.082 ± .885

-3.385 ±t 0.129

m.e stmadr deviation of the data about the fitted Jine in ti. 3saew
ON*is ~9AQ aisea..

th two ID &]is ntercepts0 ame 8296,9 and 8200.8 ufeotW
the 31Mw and qu~k&atic fit* respectively. TIM qm4mctic fit Is
24.itieftntar, at the go% ceefldnoe levml, better than the ur2sr filt
and got a a £Smpf Ocatila basi extrpl~ton cc the CMdAtio
fit =W be acr.ctcd to Givoa &";%I= zre n~rly correct for the steady
staite yrne ware velocity at£nfinite diam~ter. The g oww
li311t aso~tdvith this izzborcept, is 2.5 p/sec.X

dscribed in this vapor awe only In a a'IP

f coubinad work otalrewfr fpol ~r& MJAO e'
yen" bs go=a into the ref inc nts of toach2iqu3B deci ribed Inthis

paper.the discussionl c acrnirig masting in priL3irily tbo result, at
the efforts of (1ro~z G=2-3 of the TAboratory. Vacuuo-p~eaain3 davelcpr.
ments bar been ca~rried out in GrouPs =~-2 C2i ~-3. Dotetnafti
velocity amawmnts an the finished rate sticks have all been done
byJ Qrup &YJ rdMgapl Ipct dervelopeuxt Isthe ratof
the efforts of' Group CDC.". Valuable assistance has also be*n

zimlyd trm the Eglsinering Depar~tn.ant ofC the Labortory,, an the16A



m~1uc~atatoa.for cw.fitting andi datea mly~. have bom -o

2 O& Raport oi~. 5611, me Do. lrVIts at Au., Oute of Detomuni@ at
Various £zploive COMPOunAS and 1xtm @so

ftxpbs1, ~I$A 3o aw 6l, m~chflques fte tb Rhumwnt cc
totion, Velocity.w

N. TO Dirle, Ro~1vt of )hds= Jbgst~css 4 . 29



A.V.Cwbll, . .MaI n. . J.ByJ., an . A. o

Los Alaitoo Scientific Laboratt7
Los Algamo -Nov eXwdco *

Until the last few years most ot the wasuweants of data--
nation rates have ben w.zde with the amn of' streak Cararas., the method

~i '1 of Dautricbe, or' v~th the K~ttegug ZGcOrftr. Tt 18 tbG 9U2'WO Of
4this peper to describe an electronic withod capable or very h.1& pre-'

cision In this auezn of detozimtion rates.* Commnly referrea toLIpnmto. L has becin in use at Los A fr13qprozi-
mately the year 9Uto da e. ectntlyp Gib;W reportead li

whil, at first Slance the pin =tho4 my appear to resemble A

th abl ean e cre methods.Cif ,u there Is ah tof c diffrersednce. rheso i
latc~ter det to~ the Kotterornatieor of the pinxr tchiquet pofie a I
vloace trzfrn t prodc a parin'hrgser naarpo
rcord of the pulesaperare an tha reolieng evirn o the teatruento oefes
thbd ae reltos tion theie, condutiber o the detonation voe v e toiw
out oari is ca~pactrsl stozzng. Thule v~hoh also preseteda an oseans

of contract8 tieol the patcasroeus f rdcr, i the pi ehiqte rior of a

A ~irregularly shapied piece or explosive; by vay of co..atrast,, op~tical

a~thods for detonat ion velocity ZeasfUre~nt I~tnt Žeobservftiois on

from georatrical considerations.

.5.A 18



be divided conveniently Into. thrtoe parts: beginning. at the explosive,.
these include- ionization-operat.4e or shock-operated wvitches, "hiCb
ame inserted ztir 4,1& .zplao.v.; at simur umixr circuit andL trarzz-
mission line; iaC4 a cathode-ray chronograph,, emmoay referred to as
a "Pin Zchine"., vbhich presents thii signals -on a calibrated time base.
For the sake of clarity,, these will be discussed In the reverse order.

Chrono plh. Many different circuits have been developed
UY"ZIaaa wokrs afor wa with explosivesa. These have siogy &&

variety of time base presenta~tions including circular- aveps-,, spiral,
linear and raster avreera., and zigzag sweeps. This discussion vii

Fig. ~ ~ ~ ~ ~ ~ 1 .M Blc dara f hongap irut
be V liie oacrutpoiigar~e rsnain eAnie

autorshav fondKUMh a .cruit toDela preferAble o E thbssoF
time ~ ~ ~ ~ T= cneae tanbepeiso n aeo neance.

The.TO rsechooapishoniblcdagram i ?g.1

A~~~~~~~~~~~~~~~TT ayia eodfo hscrngahi hw nFg .Ti

apparaus proides wo swep presntatins, wih a mXimmseptm

mpomte inMO tadmG nraERtetMe= oeae
Whil a dtaied dscusionet he crcut wold ekoUt o

p 3=c hrabifesitonothfucingofr-ecici

will begve. Refring MI i 1-*,u Ahe ouptUrmth nytl
contolle osi:ac s hpdb h mre eeatrt rvd

I19n AML



-abavw "nacet neelvoo the

-u.. t . r li,, when the rd.Tea maastrw
-see operated in paralledr ot h p

.. ives then directl Vrhei the
2nfao r opeaWf ao

T,...__when..ergenera

•~~ ab su"----pli•.es, 1/2-psoc pu~lsoil

______________________ aasuth~gh ad. w a iela

: •-. ... •to a 531 frquo7 divider vbIWh• -
I line, thie the

__a_________ee___m b g ers atr oper, t. 2M tam..

I t• A- d~v~do to • boriz ontal wep, reeprat+ar rte-'

____ aneetohpe The eans

P p•

9kb adeetTh merk•eer generator'
p aCalve___se the sawglemlser

_ The ______ _are _ eully '- to'.lo 5 y delathng teehier i
a.te inorad of Tor n ives the horiw"bte mar se. al

marer bys0.1latorse as mrsal-otred In he e-rius p 1j4V11•I oin •at"•

hcwavin a foreanyoW ca== to b-ot.h aoenthl an svee• reemm to be-
er_ affected_ than both neessr, ofsiy athesetaigne apmalser aor

withse anevas The alaiw

praetl purpose 400 kthe2 Zatiltlc raterulsers are daivid se-

tba 4Sweep l lndrto prvie an nterwag~o varic 1%rteen tdtionrt ea-

" Ft2. Sar2•rms (h/•ap, peor ts amBy dsre~sd by te czkte pa.
tPin swithadly, It I =o ton•r as a staedy puttent the eae
toa ce d I- adjutttingth of the pater. Tweepby swap eanid inte ,

ty gte gnerbyr 0.17 b&eoa otrieor ino the peIonsternalreaphit is rate

yes o n 400 e be ahourisof repetitive ratplsnesplthe sin died

h3 circut# doidr the provid est it~rmavetca optti rt
of~Th ap z riecisi200 seeps per' en. Dy repeti thes cboograteputaa

is derTSive soep coe contratol n• Vino froqu ncd n of th cytaecn

aried eril lad to f a th. lp-a tter ite oertizzes2al sweep ontesi.

gat oscillator i cr~y betria-orcld froate-raintr.na11ll repeitin ate
hlavin aircqust, or N t1 50nie test Whilge ti ue obaget

* or pro805,aln thanIsr soucesof ropcitIv easlyestthied ansil sweepl
practiThe purposiaoeliminatis th tim'1~wihtee airain'mrksasa our"p
dfexerivedfro loerror tont ofouno ftecytlcn
troledosileelatoar' i nte iscntiridtyof 1%btwee adjacent sweeps

brth3 osilatrks(/-LoOTi is accaa.-otomplif she byr~ slecting ohsclt
SLC1 ctoe-a u3fr ierty f efecth i on ~a s afunctiongra..-

ofte dileion raessry and by eadjstiny athied an, form alne

a~~weln~rity i controllednx+ac-x ro tof 1% beo~twee raduleng cral

errors in swoep, calibration, linocarityp , anddgczcnt of~ the fils
reader is fIund to be 3 x lO-seo for transit tir-as of 25 .ec or less
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r a nme eircult is a uetxork at eAda~rs.
"d resistrs- vi--- sw&&a "d t4 the cbomnpeph tbw. eatlmefio

;-01"s which Yok the Waage -©f -tam detonation ve tbr*ugk tba emo.
Ar.1*e-GbV*,U gs Iis.31 sham a. diagran of the ciranit use&-

vith. =at solid explos-ves.
The condeuserq, C, are charged
t VCR i £solatio- resistors $.

FAIEs Wheni the detionstiovan wavcloses
S Pin. td4 - am& " f the

The other side then discharge
A LInto the RG 21-412 W=4a

R3A~ ca th 'rodaalnga s4=

0S pile. R1 prcvntsrchargingC-001 W INC~n PW of he andam d~zdn the
.¢-°°' -- ,,o~s ,• shot either 1b7 other ameo nsers.

sn tuhpl. e W or bythe pove

Fig,, 3. EXmi aloflte Irpedanco. R,4 , prevents re-
flecticm of the signals bank
doun the RG 63/U cabl.. If

Fl~i ar rol*& U t* lft y afault7 coouecti=u or other dew.
fcat, they a" absorW by either - ' - o R2, BceOue the 5MPM

On~aytrba kas fcmr vorticaa deflecton plitac, it is povoiblo to
Put the cI~ml pwlcon an a plat. separate froai that used for calibrao.
ti ydlea1c azd for ths vertical ma op. This el id•nat the proble
At a znr e-ire At at this point.

'Wher pin switches =at be closely spaced in the charge, the
zSediwuit Is uod~ed as shOam In F1S, L. With clos@ UpSolugg

UtS codotivity of the doto...
nation va.v and of the shock

Wias wayv Verva to a anlot the
4Isch=o.. ,i capacitor with
thoce which hbvo boen dis-
charged, The recult In that
the signal rise Is affected
adversely. To prevent reverse

- ,So curent flov Into the dis-
N-10oEG PZ33CFs c-ooW c-harged capacitors, diodes are
Oý-1N3 CftrA =M.C - - W4XATES iflBSrted as shown. These act
PwwAco praotially an rectifier.j,

pol qttig Cmet flov In the
deaLred direction only.

Fig.. A. ecroircuit for use with A second modification
Alesely s"pced pin switchess Is necessary when the mndoto..

nated explosive is aderiately
eeductin. As shewn I Fig. 5, the isolation reoistors, P., are re.
placed .ith diodes. This permzit ince.ws.,, charg•ng currant to the
leaking pin switches, but prevents thi discharged capacitors frcu 4rmv
Ing urrnt frca those stIll charged via the charging canGction. In
&dditiana it is sopetimas neceusary to Increase ta diacharge tiz. of
the eapsitore.
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* Oany1l, PWan,3c- B04 M

7bre e" result. &U nmizar are ometruoted vM- shortOet
leAft poessble FarU a*- tAsked togteirs ama th finIshed- a -ismW oted close to the ohmrg%.

Vhsn tbe latter In at"
- o.o, nted both ides and the

section of I2144 @0- *.t
Saxial cable a ne deaft v ed

by blast. All pin switak
I_ ds+. wlt e at• tb m or
length to Withtna ALfow/

Sinches, or the transit tf

A-33 OHSe C-000 &Ao O-*04 of electric palse i
L D -- OICATES AN leads mot be taken into

Q,=TMacooo=t for precision work.

most c211y ued type of
. 5. eimm ofat modified for use pin sitoth in the ons diepaM-

with Moderately a _ ot•i• g explosive, Ing. upon ionisation for 0.e-
awe., lUoually, this/ 1 iszai
ranod as shovn Fig. (4

,ltbouh otherM ntI vin be discussed lator rndor the sectioa
ChUTrO pop ticM. fth BVitch Is M&d vith the thiWme S, mWt,

falns wfhch bay. at the sam
tim sufficient z=,Chanal
strength to vithstand the mes-

STAPCN LMeOnary =1npulation In prepar.
ST~O LMM lug tho ffidtch. MW most OCR-

WTAL X.Pnly useod foils are dilvers
al•um and copper in 1/9-iush
widths and in thickneesses rSfl(.
0•esionaI.yg gold leaf Is used.

AZAM Pa"4 % has as of approx,-
R ately 0*1 all. Howvevrt it
Is difiut to use becamm of

its lack of mechanical strength,
71go. 6 FPin witch constamction, and because it tends to stick

to =oat objects brought near
it as a result of eleotro.

static attraotiam.
The voltage on the pin smtch is dictated by the serpaitiviGy

of th £Indicator circuit. When no signal spification ic r- ,
and of an it is mweoeusry to mix signnls at the indicator ay means
of cathode folUoears, a suitable value of the pin voltage is 180
veltse

The gap width on the pin switch is umualy held to about
I =n to 3 =4 For two-corponont cast explosives or for pressed ex-
ylo•iwaq the detonation front has been found to be quite irregulars,
th Irregularities baing co--arable in cize to the grains of ex-
S plosive. •Thefore, it is desirable to have the d.imnsions of the

22
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Pbk- SVtoýgap-fw tdi that of the larget graiw atf 41111~i,0 to
IMPoo-the .tstatieatt- switch o011o1111.

Oem.itnallyte So ni ation switch In f.oud to be Indew-
qto. MOns eaxample of 'mtok = instance is UntIr1d IM th& T"j-

weak initiation of a solid explouive.. hre. the detonation vave
prooed without sufficient lonisation to operato the switch described
aboae In this event, a switch Inveing uchmal al closume my be.
used Such a switch is shown schemntaialy In Pig. 7.

a MChg gal 46o=n6 is Offoett Vtria. th& ota at 0. • la,
SAUL. Aom-it ob is V6e -tI& by the pressure of Uwetata, m

wave. n order to kmop the
closing delay as =anll as
possible the metal foil and

PAW the Insulating foil should be
kept very thin, umtally less

1/2 L EQ3tz itiaeInclude so
roKICL PI .WC adya o.ro

Ms timed Colosre tues oft
wre as.ly attained.

Ig. 7. Pin switch eonstruatoS

ELECTRICAL EFFTS

Before discussing the method of prearing charges for ve-
locity nsasurenme.t by the pin teohnique, it will be well to aoadw
tbre electrical, effects which have been observd to b associated
with the detonation of an explosive charge.

The first of these is a difference between ths potenti at
the detonation wave and ground potential ronult•na fn Uh voltage
pu•ls used to fire the electric detonator. If this potential difter-
on"s is allowed to persist until the detonation v reaches the
first pin metzh, It vi be recorded as electrical nois, on the
chronograph trace. By grounding the detonation weve near the point
of initiation, this potential difference can be elminated.

The second and most important electrical offect, insofar
as the pin techniqne is concerned, is the appearance of a ,potentlal
difference between the detonation wave and ground, as a result of the
detonation process.

This potential difference my be observed by use of the air..
cuit di in Fig. 8. An uneharged copper vfre is placed so u•
to contact the detonation wave. This wire is connoted to povnd vi
a co-axial cable and its termination, R1, The electrical circuit Is
believed to be closed by capacitive coupling between grorud and the
detonation products. While the probe is in contact with a datonation
wave or a conducoting shock wa~eq a potential difference la observed
between the ter:inals of R1 . This potential is coznonly of the order
of a fev hundred volts, but may azcoed 1000 volts under sme eircum-
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.. . .. . .. ...... ........ ~.... -.•.•~Unew Fg are9 av hoe amle oso!Moaft* reo•o d s Ua me. - th
-tbs- eacplesiw mi efilouit, alp 1 wt snhow In 7i1s . These. ord

ofh the effeat o f anging he s
'COWSTM frr _ V UUwToIWdft the explosivee.

' aano • Thsr~oUm adel probe vas inserted
i. the oe-, osive toa deoft of

-.. ~~ I ~O0 sve

As+aAnO C A aT o D 1ob. When tbe datoth em
L ........... ... ave .truak.t. . probe -L "f;-+

MtioS) vas rooorde(, ASA sm
C 3 are0 o4, ell s e 0.Otob prope o o to 4tbs t
L-48 LIaCRCIO1V CAT - DCFLECTIO yof tse shook ise ftC'rFOOcE Rf +.h smuyotmlng at~aapheirS.

When the shook aaoo from tbs ers
of the stik reacued the poe stia

i&e 9, Exerimental errangemonat for inmduation on thb probe, the
obsedneWar e*araton n dto.major signal pdals began* Thi

naetIMg veans n ptiOZ ended h ith the demay of tbs
shock wave,

It Is aeon Important to note that imaaation of t ee iea
, e eing t he ate USitoea .onditiVe iN ixpO114b nt b h OrdIear4ental Figobe 10 shmon t signals. obtained In an atmosphere of esn

14 •ctbne aneda~ tre~o W n "M rontd othe deoasti on mb er ad obseved•<

D-3 D 8•3 US Argon D-3u50 Air

~2W_

S+ those

Pig, 9. Effoct of atmsphere on voltage recorded by circuit of 7ig. 8
usin bae cppe prbeTi=e scales 1.75 peep/um.

For the Purpose of referenoe, a signal obtaiined wi4th an Unisuldated
probe is included. In order to keep tho signs-Is witi'in tb* limits Of
tbe osoillograph screen, thle signals shown in Fig. 10 were attenuted

byafactor of fire r~lative t t hosshwn in Fig. 9.
Perhaps tbs most plausiblbe explanation of the potential

difterenco between the detonation wave and ground is that involving
charge separaticm. It Is postu~lated that, because of greater mobiliA-

tyq oreelecr= han osiive oanescape from the reaot'.on son.,
leaving the latter positive, t. condition in areemOnt with experiL-
mental observation. It is further potltdthat electrons escaping
In the forward direction are soon captured. Tbe presence of the re-
malting negative region in front of the detonation wvxe is observed
vhen suitable amplification and time reso~lution 906e used in the signal
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~bW&2 Ina1 BOW4 Bli

Fjmlty. tha aa n e..ptlc Qmthee 2w0Mq15re tt
poau-a dferno nt d t-betme teml~ttmwow

D..3369 10 alloatw
35 anl gasbbe Gotiwg

D-.3374 1I0 anl oadmtorg'

D-3376 30 3all eA noil r.AM
15 mil gunss somtiu

rig, 10. =afct af probe insulation an voltage recordod cy ircuit
In Fig. S. Ths record from~ a bar. probe* *bowing a 400-volt daefie..
t1=4 Is shown for references D-3374*

-Whetber or not the above explanation or the second elor1
* caL1 effect is corrects it is important In using the pin teciniqem to

be avare of tbs pbenamenon. Failure to properly ground the detoziatica
wave !.n the vicinity of a pin sintch results in electrical oitse iam-
truding on the chronograph record. In Fig. U In ehowrx a record an
which this has occurrede &ad pin signal appears at the rA*ght and of( line 10 meaxurizg from the topr at the patterns In the -4x sections,
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tbod& oat CmudIM the detonation ve se , to elint. "-

_ _ _ _o third tyh of ele..

t.i.a..effect o•bserved• eft.. t a&Ar. wbw

___ _ , ,___-________ ______ "• .bt I . _~mm
___________________ TWe radiation doe" not Intexere

__.. .. ... __- tet qus, but Io disamed
____________________ wbr~iefl for th. saks or of qetsm

_ U.paaI~ida mentiod &boe mud/or
hon th. faet that when a pieee
of explosive Is detonated in air,
the BuzCW idina shock vav oco-

"* ' ' electri or" a =Zat.le f'•ld.p

* g electreal nose on et~amtm.oU beoomos .arimd and Its & IW
harge produces effects In exter-m

ws aps equivalent to thou. of
a dipole. It has been experimentally dewmstated that thio oleotrical
effe.ee of this dipole can be adequately described by mm or qui- (
Naltmionaw' field theo•-01

If the explosive being detonatod Is purtioularly deflcient
di omese e.g.,, Torpep" the radiation ciC=a ewd-iblta wo =z•asthe-,firat is attributedg a sum•t~oe~ above to tha coduting aook •
wav, the second to the flame'produced by oxidation of the detonatiola
yrodutet after mixing with air.

, 'I•,CPmL•ZI

CHOWG PTREPARTIO1

The pin technique for r= ing dotor+ation veloeities, asanioe aborvelp is capabl of ver'y hiGh prcioiea. The sandarerror of observation can be reduced to bottcr th-ma 6.1% of the rate

far chages a few Inches In length. Expreo,%c d in terms of t" ,, the
standard error 1,9 for most experik.nta. Independent of the total
tim covered, amounting to approxim.ately 3 x 10-9 coo. This precisionI s usless, hovbw r, unless every precaution is tabon in the pre-
paration of chares for rate nearweents. Sow of the preeautiono
to be discussed" hererorsult from the nature of the pin technique,
ethers are neceusary to-any precise wet! A of measuring detonation
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Y40iitU. ~~ ~ ~ I at iom.potv n hen&an tbat dmnmdtr
an m a n am :bou m n, tba ffrat ytozbU& In a -ep V, oatIA& I

oeheged psrobes nor be Iinm •s ac d inF•g. 12. s p O sei e o
V probes. can be mnamzre4 With a
eaftetsmeter to a prelsion of about
IMI an* 'ymes of the oow

G ,tO,•OE taind at'n p. 'riM diD.
Charge ao the uAn n .apdtesu

rOV" DiOCQA taboe pla*. via t• , opseed pobes
~a ~b and the detonation wav to Vvw.

Mocac For VaM2aw .z- sw at
PC low loading densities the a M -n n t

OO4" HO-. IN used I shown in ig.,. 33. 4 "
GLA3 switch Is ocsqosed of a pair at Mane

T Aopp wifs i•netahd taut 1W maw
of a 5.oisapU.,•' o&, n the astae of Uscoup-
tam•in taube, 2h spaing be, ae.
vires Is regulated to a few i.a.

117a00e50Th .s tQA d• heen

eenWtnPIeS of the pwnzks= Craft SOu. 7z
ordran to avoid prea. arthe s

0050GLAS the mateaae oeft-

vith a wil3ing maohin.
It& 12. M switch aranpuen1 In high dansit •. eAnags
for 2qdA esp2.oveise and In eastingse thin zetaf foal a"

"u to pche to to s as explai-
ed ear'ler4, The position of the end

of eao h rged fanl relative to the c enter of the rate stick Is kopt
oanstant, otheriiiu the cm-red datonation front will not Lahart &U

uldtch ins I ton hatly teenow
F'a1 . Pn nv h tner, To avoid the o se of a

N fi l#a er of glue to hold es foils
. 04GIn place the latter a"e pots-

Waft toned with vater. An alter-.
Cative rethod of forming pin

-P edtchen in to use a oa2n
DOOSTO N gr.Oun"! an the outside of the

CXTA OFcharge much an La used for'
POLYSY01 "UyM liquide, and to use a singl

F .AST MA MML chargeid foil exteadilng In to
TRYLMASTthe center of the stick.

DETOMM After the method of
ovitoh insertion has been de-

Fig. 13. Pin switch Arrangement for eided, in the cas of the most
p'am=3ar explosivese or pressed explosivas, scma

method of assembling the iog.
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enwts must. bo devised. The simplest net•o& Is, to tape thea together
Using a- poessure sensitiv~~e 0 The usae Atf oe~nophan. tape- havs ISM.
foWrtmatly1t several disapatagesl chief anon which Is. the da119igqr 0.
Jetting it the tape, t apypi looselr. rhen a WWII BPS" eta bO-
tween the lateral surftae of the abarge and tapo, a gas Ojet' may U.
formed. This Je•(2a proceed the detonation wave by several tenths of
a irosecond anu discharge the pn switch prexatarely.

A p-fetred method of charge ausenhly is that of clamping as
sham Is 16 "a. MAX Tis Iev the aid"a c the 4hazgp cc"s " Pa.
ViA. positive *=tact between charge aegmentt. It Is wfl to point

out here again that only the
thinnest possible foals ame used.1 between segmants so as to keep
the gap between segpnts as

- .all as possible. This Is
UOeGeSSar because an air gap

-~ ~-~ - -,resulta In a omanntary slowing
of the detonation vave, perhaps' • \ , "by dis•siatin the von Neuman

"spi•. Quantitatively,

rea"e the transit ttim of &

Fig. U9 Nothod of charge assembly piece of explosive by about lOU'
n c aijn* sa per' mil thickness of the

gap. Thus, In a two-inch seg
ment of explosive having a deto-

nation velocity of W0 a/ee a booster gap of 1 il vwould result In
a velocity error of approximately 10 Wisei.

In bcesterin the ohargoe, a single detonator or a plane
Wave generator is used, followed vith 2 to 6 diAter. of booster
Identical vith the charge over which rate measuremnts are to be
taken. When using high-enorgr boosters on rate etlQk iAth low deto.-
nation rates, It has been found necessary to inpede the expansion of
the booster gases by amens of a coating of putty or sand, sinoe in

=om9 caces the booster gses have proceeded the detonation front In
the otick, closing the pin switchos prematurely.

In making velocity measurement on low energy exploslves or
on sticks of large di r it is frequantly advicahle to provide
grounding in addition to that furnished by the grounded side of the
pin switch. This results from the resistance of the detonation wave
and explosion products-the grounded sid8 of the pin switch falns to
ground the wave near th lead from the pin mixer. As a result, the
latter begins to respond to the generation of charge on the shook
front, introducing noise on the chroaiograph record to the extent that
the latter may not be asseseable. It is the practice in such instances
to run a ground lead paralleling each charged proba and extending be-
yd the limits attained by tho shock wave during the obtorvation.

A final precaution which muat be takon if high procision is
to be maintained is 6hhe control of firing tenperautreo The detonation
velocity of Zitromethane, for example, has been fot4o vary with
the initial temperature at the rate of -3,7 3/ssc/C' 3 . In the
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rig. 15. Abov.: det4aLU of assembly of 0.500 in. diamester charge ca n
notthed block . Eaov% fully assembled. Mixer in foreground.
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we-. Wf Ocp tian 14, Mauts'(4)y b's. foUA the taanit tin& to Tarr' in...
vessely with the tmst, at tbe- rate of -1t per 1000 C. Taking the -
T oefficient of thermal ezpe on, to be 5 x 10-5 /oC the velocity

It Is thereft-e evident that preofsfrm rote stlcke vy-wA
be eXposed to direct mnlight nor fired without suitibie thermal in,-
sulatiom If Pre5se data are desired.

In Tables I and I1 are shown sople data taken with the
electrol.. techique. In taking such data, it is-comon practice to
operate s r sweeps in parallel to produce replicate records. This
may be done to guard against the failure of a sidgle circuit to oper-
ate properly, or several results nay be averaged to further reduce th
error of analysis,

TABLZ r

Sample transit time data fm- pressed TnT. The charge 0=.-
sisted of six sections 1/2 inch in diazater arranged in a colwme
frmn4t time data wre taken over the last four sections.

Detonation
DeniFty Transit time, posec* ve6o1it6

g/ee s",sp•13 bw,,ep4-. sveep-5 average M/sec

1.,642 7.338 70330 79333 7.333 6925
1.*62 7.338 7.339 7.336 7.336 6923.
1.61.1 7,337 7,323. 7,334 7.034 6928
1.641 7.338 7.334 7.333 7.333 6929

*The record from sveep-7 is shown in Fig. 3. Shot No. B3243.

TABLE II

Sample transit time data for Nitro.ethane. The explosive
was contained in a glass tube 2.570 inches in diameter and 30 inches
long. Pin switches were arranged as shown in Fig. 12.

Switch Transit time, paes Detonation
Interv"a velocity

M .reep, sweep-4 sweep-5 average M/sec

126.27 19.903 19.893 19.896 19.8w7 6346
134U09 21.252 ZL.272 21.274 21.266 6348
129 415 .200.388 20.385 20.379 20.384 6349

Additional data taken with this technique are pesenta4 in.-
other papers given at this conference inoluding: Detonation in

31



aem eleues Explosives and Putil. Sit* Moots is On*-and-Tvo-C*--
panet kplWoeO .

I technique ha been developed for ieasuring transit time
in explosives charges whioh Is capable of higher precision than aro
the methods heretofore uezd. While it can be used in oonjunotion with
M.e arfIek camera, ft In not ubfeaet lb -Me ZLtIAt& ons dfS atr
"Distortion of the detonation rave at the charge boundaries are =t
detrizental, nor does confinemnt of the charge I& mtal or other
cpaqu materIals. hazpar the measure: nt of detonation rate. If ftUl
advantage Is to be taken of the precision afforded by the pin zethod.
great care must be taken 11 preparing each charge and in controlling

the fiz-inz condit~ica. oKoLEoe

Beoause so mW vorbors have contributed to the develaoent.
of the circuitry aen the toobnique of charge peparation, it is In-
possible to give propriate oredit to each. Recognition should b.
made here, however, of the frortwt contributions of Jams .Le .ik
and Roy W. Goransang both of vhm were active in Introducing van.
ations of the pin method to this laboratory.

$l F. C. Gibson, Rvev S&d. Instre 226-n1(1954) Mar,
j eKolsky, Naturm M 76, (1954
A. . Campbells M. E. M .Iin, T. ,. EKolL.n4 Detonation In
Ecogeneous Explosives. (This Conference).
0C H, Yaniu•, UnpublUhed Report, Los Alamo. Scientific Laboratory,
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A MICROWAVE TZCMQtJE FOR MASURING PvTONATION VEOCITIES
dr

T. J. Boyd, Jr. and Peter '.,gan
Los Aleaos Scientific, Laboratory

Los Alamos, NewMexico

The measurement of detonation velocities at the Los Alms
Scientific Laboratory is usually accomplished by a pin techniqueo l.
However, this technique often proves unwieldy when applied to non-
steady state studies where the detonation vtlocity varies with timw
In such cases, it bas been found practical to employ a microwave tech-
nique for measuring these nonsteady velocities. This technique is
based on. the reflection of microwaves from the ionized det-nation
front and yields a sequence of detonation velocities which are aver-
ages over equal and adjacent intervals along the length of the eGplo-
sive being st'died. In a maasurement of the detonation velocity whore
the pin technique could be employed, the microwave technique vould be
less accurate and more complicated. There were, however, a sufficient
nmber of nonsteady state studies where the pin techniqiue wan Impcac.-
tical to warrant the development of the microwave technique for rou--
tine use.

Befas the actual microwave system is explained* the basic
technique will be illustrated by considering the simplified version
G w in Fig. 1. A microwave oscillator is connected to a loselesa
waveguide section which is termro.,ted by a perfecty-; conducting, mov-
able piston. In order to isolate the oscillator from any load changes
caused by the piston movement, an attenuator is inserted between the
piston and the oscillator. A probe is inserted to sample the electric
field in the guide. If it is assumed that only one mode, or field
configuration, exists in the waveguide, the electromagnetic field in
the waveguide can be represented as tha sam of an incident and a re-
flected wave. In the Ia3sless cast ccneiderods the sum of the waves
is a pure standing wave. The transverse electric field intensity is
zero at the piston and at distances which are an integral nuber of
half guide-wavelengths from the piston. As the piston is zioved, a'
periodic signal is recorded by the probe and detector. One cydle of
the recorded signal will correspond to a piston displacement of one-
half the wavelength in thb guide. If the guide wavelength and the in.-
Itial position of the piston are known, then the position of the pis-
ton cc a function, of time can be determined.
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Th. abom analysis assumes the pre"ena -o- only onez mods In
the guide. It isLpossible to choose the dienaions- of tb, gtd4e such "

k.

that only one mode, the so-called dominant mode, can exist in the

S guide. For a aveguide of circular cross section of radius r, the
condition for the existence of ony the dominant mode is given by the
expression.

where ? is the wavelength of a plane eleotromagbea'A wave in an vm i'
bounded volume of the dielectric in the waveguid.. The wavelength,
A , an be related to the operating frequency, f, of the oscillatorb the expres sio 0i -

f 1./2N where C0 is the velocity of light in free space, and El and pl are
the dielectric constant and =.n-etic permrability, respectivoly, of
the medigU in the vaveguide. When the dimensions of the guide and the
operating frequency have baen chosen, the guide wavelength, A g, can
be computed from the expeasion

Where the critical vavelength, Act for the dominant mode in a guide

of cir l"ar cross gection is given bT
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Fhgar.

TIs aluplIffed were!can nov be ecpared wvi to* yr -
ticas cIrcut shown in Fig. 2. The piston is replaced by the detces-
tion front and the probe by a aveguide a-ystil detector munt, A

0ate~ P&. PLOP1ea4

3ea -,.. --k e --- --

_H -®,_'-'-'

m OmmIae to Camds ZinW.
La Sau mad" &at "Woo"..

Figure 2
short length of flexible ,odzial cable couples the crystal detector to
an explosive-filled waveguide which is inserted in the explosive to be
studied. This cable permits isolation of the electronic gear from the
explosive system, thus miznizizing the equlpment expenditure per shot,
As in the simple model, the signal at the deteotor "shoul-4 "be periodic
with a movement of Ag/2 of the detonation front, where Ag is the
guide wavelength in the oxplosive-filled guide,

Sam of the functional dettdls cf the circuit shown in Fig.
2 should be explained. The klystron operates at a frequency of 9300
megacyclea per second. The tuner adjacent to the klystron ie adjuated
for maximum power output from the klystron, and the attenuator isolate
the klystron from load changes. The detector, together with its tuner
is mounted on the side arm of either an E- or H-plano tee. Both the
detector and the waveguide-to-ooiaxal adaptor are matched to the wave-
guide before assembly in order to obtain a larger and more reproducibl,
signal oalLitude. Since the impedance of the crystal mount may depend
upon its power level and external load, it should be matched at its
maxi= expected power level and normal operating load impedance.
The waveguide-Lo-coaxdial adaptor is matched with a long longth of the
relatively lossy cable, which simlates an infinite length of line at-
tached to the adaptor. The cable is then cut to the desired length
(up to 6' lengths have been used and longer lengths may be used if the
attenuation of the cable is not objectionable) and the braid at the cu
end is folded back over the outer c.overing of the cable, cxposing a
short length of dielectric and inner conductor. This ahort length
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at dielectrio and inner conductor forus a probew dch. is inserte i&

MW 03= sxploaifilled vm~vgaid. is p-eperO& by MacMi1
stk of qxosive, wrapplM it with a thin layer- of aummn fao . '
and drilling hl near one ind for Ie of the probe. The diLpb
motor of the stick is chosen to aillo pvopagatlon of• only the doiato

or VEn mode. For example, at an operating frequevq of 9300 ga-
oyereu, the stick dia4ter for Copositian B is approximtelyane.-helf

tam~. %U& this "ks t Ot CcnPoaiticm B at an. appmbing fzqumIW'
of 93W mngacyoTem, Ag Is approximately 3 centimeters. The stick fe
made longer than the explosive to be tested to permit insartion of the
probe. The hole for the probe is drilled perpendielar to the ax•s of
the stick, This orientation of the probe permits efficient excita'lion
of the dominant mode. The depth of the hole and the distance of tho
center of the hole from one end of the stick is approximately Ag/4.
The stick Is wrapped with two layers of 0.5 MI a2=min foil. This
van thickness Is sufficient to confine the eleetmagnetic fields to
the interior of the waveguide but does not measurably affect the dato-
nation in the explosive. Expertments using the seasr cmra tecbnique
have shown that vall thikneess of 15 *tls could be tolerated.

If air spaces exist between the expleslve stick and the ft!w
Setting will oewe vwith resultant distortioa of the recorded sIgim.
Thosa air spaces can be eliminated by ctating the stick with a thin
layer of ailloone grease prior to wrapping.

The explosive-filled wavegaide is inserted in a bole drilled
in the piece of explosive =nder test. Silicone grease is used again
to exclude air spicea between the vaveguide and the srnding e-
plosive. Both the stick and the piece of explosive boing tested should
be of the sam3 composition and density.

Noise originatit4 1 the explosiw or in the ahani•m used
to detonate the explosivelk can obscure the signal trace received from
the detector. Xt was found that this noise could be effectively eli-
mi •ated by avoiding any eleotrical comrectioti between the detonate(
explosive and the vaveguide or external circuits. In particular, when
the probs is inserted in the waveg•uido, the btaid of the coaxial cable
is separated by a layer of eament from the foil wrapped around the ex-
plosivo-filled vaveguide.

A Icirular disk of alvminum, 0.2 mile thick, placed over the
end of the waveguide shields ths microwave circuit from events ocouring
prior to the time when the detonation reaches the waveguide. The start
of the signal trace records the time when the deton'tion front has
reached the wavegaide. The arrival of the detonation fret at the end
of the explosive being tested is detected by a pin contact time. This
pin time is necessary since the record does not end until the detona-
tion front arrives at the probe. Tho microwave detector signal and the
pin signal are recorded on separate oscillosccpeo. The two displAys
"are corm-lated in time by a c€on reference ps1ae placed on both.

Representative signal traces are shown in Fig. 3. Each sig-
mal trace is accompcied by L ti cealibraticn trace. These traces,
together with a knowledge of the length of the explosive being tested,
provide sufficient information to determin* the times when the detona-
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tion front has re6ched a sequene, of poeG 0" in the explosive.
Since the datonation front has moved a M.staM of AP &Wing the
time Interval between aoaon reference pWintis an any two adjamet cn
ales of the record, the balf-guido vavelength e-m be fmd by dir1A
the length of the explosive by the total numbea of cycles in the re-
cord. Usually, greater accuracy can be achieved by reading the peal
or trmghs, of the record, rather than an arbitrary reference point
each cycle. The inccmplete end intervals of the record xost be as-
signed fractions of a cycle. Unless there is additional informatim
on the dtonation rate of the explosive, it is assumed that the end
intervals have the sime periods as their adjacent intervals. With
this assumption, the half-guide wavelength for the record shown in
Fig. 3 is civet by

wL/ [-tic) 10tL -totnn

where L Is tha length of the explosive being atudiedv to is the tim
when the microwave signal starts, te is tie pin contact time, n is
nm ber of c anlste cyol es9  and t op t it, ...0 t,*., a the tt
the peaks (or troughs)s, to being the time fou efirst peak and tnt
the time for the last peak before the pin contact time. At time
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1. 0. Gibsons M. Bowserj C. I. OMres,
/ T* Bootts J. C. Cooper9 wad C. K. UsM

U. a. Bureau Of Mlae
1ittablWgh,0 Pennsylvania

Introduction

The teqperture in the deoainfront is, -at the present
time, one of the parameters most urgently needed In the fiLeld of
solid wqpLoniveso Recent surveys (ls 2) ohm that altbotugh the
maufflewnt of this parameter has been a matter of active *interest
for sogn +im, the exgperimantal. determination of definitive toniers-
tures has not been very succssful. At the last confcrence,, studies.

C' (31 ii) were reported on the luminosity emitted fzm the exterior aC
charges detonated In air, in water, and in a partial vacuum. The
luminosit~y records obtained at that tine vere difficult to interpret
owing to @ mnultiplicity of peekas and It ov appears that true ampli-
tudes were not observed due to the. Integratinig effect of the field
sito ""Tho method described in the Present papers although intro-
ducing a foreign material into th4) explosive powder, provides an in-
tervai, of time conducive to smu~ling by one-megacyale circuitry ani
views the detonation radiation at the acre of the charge in solid
ezja~auives. it is hoped that. temperature data oltained by thia
method vM3 be of sufficient accuracy to permit Its use in developing

asingle suitable equation Of state.

Theory
The two-color method currently employed is based on wioa'..

radiation equation which assumas that the radiation is black or grey
bod~y. Tro the eMUatO&

it follows that the curve obtained by plotting the logarithm of the

ratio of the radiation densities for two wavelengths, X:L and %2.
against Us, reciprocal. of the absolute teqperature will. be a

straighit line.* The slope of the line depends on the frequencles v '
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the tend peass triteres &Md Jtu tntertup it deer-w tby the rols.-
f;,w- sewdtvfi les of the electrical equipwant vhick ask vp *seb

T& awe a t nomt=n at t1e avalasbl* radiation,, spe..
troprams ot detonatlag tetryl vere taken by avWeri~iosing the radia-
tion, from. the azis.1 cavities ot tvelve charge.. It van hoped that .

* radiation f rom the tetryl habaxs coald be comared with the radia.
'Hatic friom the explosive pel~let U used in the tg.w rature Vd.- abo

ftxa.ýa&ftswdiLati tie tbu ftzwnrwqufred tualve sh*U *. ~S g1
a aksp..tru, It has not proved practical to obtain spectaf

the charges used for teaperature determination. A fiUl investigatioa
of this vii be made as time permits. The spectrum obtained is a
continia- extending throoog and well above and below the region ot
the spectral pass bands of the tvo interference filters esiployed.

Meho

The novel feature of this method for sampling, the radiation
which is to be evaluated for quality Is the use of a transpwrnt

4 ~plastic rod Imbedded axially in the explosive cab&W during fabrica-
tictr or, the pellet. This rod (methyl metbacrylate) protrudes frm

* the end of the cyltnder opposite to the initiated end. In this wayj,
the radiation at the core of the explosive In transmitted along the
plastic rod by Internal. ."'.tlection to the aperture of the sensing

equipment. The charge confines itself , and the explosion pressures
easentiul to high-oider complete detonations are maintained at the2
zone of measurement as the plastic is completely surrounded by high
explosive* The rod is Inserted into the charge for a distance of
about 2 ca. providing a detonation front transit time of 3 or more
mioroseconde, depending on the velocity of detonation. This Inter- * .
val.. which In relatively long with respect to the response times of
electroni'2 equipment, permits the temperature to be evaluated after,
equilibriumt condition~s have been attained in the system. In addi-
tioun, refinement of the system~ mayr give temperature gradients Oalon
tUe rod due to non-homogeneity in the pellet density,, a result of..ii* wall friction effects of both the tabricatin% die and the plastic

I rod during pressing. A cross sectional viev of the charge is.'shovn
if gure 1. - he end of the rod is pointed to allow powder f lov in
predingsthus preventing the pile-up of powder on the end of the

ro.Such pile-up would result in undesirable density gradients and

figure 2. Figure 2(a) is the single-channel trace of a TET charge
fired in ambient air.. The waveform is &.ia2lyzed for temperature at

poinsp a) trouh ()., arl pont.,excpt (),,beig a axi= O
minimum so'that the amplitudes of the two channels can be compared
accurately at that :Lnstant. Howverer this method makau no allowance
for response times of t.he equipment vklieb may impair the accuracy. '
Therefore in subsequent ana3lyses, another -&thad. was used which is
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(111 r U-Stte. 'by tba wavofomW of a KI MU-3rgal me chaarge
(fi-u 2(b) fired, JA mablet propan.. Zn this methtp, the reAfs-
"ttmIM I& 4AMaNe aftler an equillrim Gocnd~tit bas beft attalmes,
taking points b', as and cap at finite times after the 11f"t s-
pearance of luainasity from the rod. The points b' and as were
chosen so-&m to repreosnt the tveeratures at the instant vhen the
detonation wave was in the density segments shown in the cijWrag
drawing in figuire 1. The initial pi]p a& may be due to thA 1n"raaseL
area effbec at tU rd end an& v as t•a addItIonal l1minosity frM
the shock vuPov ccEa Cc the end of the rOd, It is believed
that the phenomena of opacity due to shook pressers noted by other
reearcbers in plastics of this type may occur here. However this
cannot be Verified unless charges with detonation velocities lower
than the shook velocity in the plastic-are tested. fhe opaque
diaphragm shown in ficure 1 prevenri extraneous radiatia fr-og an,-
tering the system until after the detonation has passed the charge
end and traveled across the gap between it and the baffle diaphragm.
Of general interest amy be the fact that in this system there is

, . about ten times more radiation from the rod tin from a 1.5 kv
caxbon are lams. an& that ths air-shock radiation amp•Ltude is about.
ten times as great as that from the rod.

A , tudies of the pellets were made with the leve-converter
Came•ra described elsewhere (5), modified to provide streak photolpa-
ph.y). Thtse tests ware conducted to establish the radiation lumi-

* nosity dependence on the presence of air, propane, and the plastic
rod. In air, streak photographs of charged from which the rods had
been withdrawn shoved ctrong ahoc reinforcement due to shock colli-
sion within the axial- cavity. The same charge fired in ambient pro.
pane shoved only radiation at the cavity bottom and along the.ex-
plosive-cavity interface. The luminous zone in this case can be
vislualized as a doughnut of light travelin at detonation velomity
down the cavity wall. Exposures also were made with the rod in
place and fired in ambient propane after the charges had been care-
"fully vacuum-impregnated with propane. Here the light was greatly
reduced when the detonation reached the charge ends indicating that
most of the radiation was not due to shock action on or in the
plastic rod but to the (explosive material, intergranular voids, or
the sm.ll space betveea the rod and the explosive. The am-ual
source of this radiation is still unknown; however the agreement
between the experiwental results a-d theory strongly suggests that
the radiation is from the detonatio zone.

Apparatus

A diagram of the apparatus is given in figure 3. The ex-
plosive charge is positioned as shown ia the drawing and during
calibration the standard source is placed in the same position asthe charge. Accurate positioning is ac' ieved by projeeting

image of the hole in the aperture plate through the window into the
( 3 bombproof. The size of the hole in the plate is auch that when it
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eIs Olarged. by- the field •Ion it appears ulighbly larger the the
6" t tote plstic rod (about 3A& ineheel.. Th*rmator-dri-a. discsoft as a 11gh chopper and Is used daring ea~bel tion to prev~deft

Sac. sizmals from a steady radiation source. A Pi an theSperiphwr7 has a width of about 0.020 inch and so-ra the apertr al _J
i about rf~ty microseconds. The pulse width on the callbratin,.

Lttrace can be adjusted by varying either the l".t width (a step out

fIxed at 16 Inches). A 1amp-p~atoto1p1±Eer cmbination, the directoutput of which can be switched into the trigger generator or into
the oscillographs, allows either single or, repetitive sweep oper-a-tion and Is-controllable in time by displ~cing the 1MV-Phototu-e 8

assembly with respect to a circular aperture in the disc that has a
fixed relationship to the salt. The trigger generator is a sample
thyratron cfrcuit vhich allows single-sweep operation of the oscil-
lograph from either the ionic conductivity probes in the charge or
the disc as mentioned. A secondary lens forms a defocused Smage a
the end of the rod on the photomultipliers which are 1-l/2" end-on
types so that the entire photocathode surfa~ce is employed. At the
=ross-over point an adjustable slit is used for vernier control of
the radiation entering the phototubes. Coarse attenuation is pro- I
vided by the use of grid attenuators placed to the rear of the field
lens and adjacent to it, A half-silvered mirror separates the light
into two beams. A transmission filter of the interference tMp i.slocated in front of each phototube so that the only radiation en-

each is 70 to 100 angstroms at half amplitude.

ctd The electrical circuitry comrisea a video amplifier-
cathode follower combination and a high-speed oscillograph for each
chamnnel yielding a signal proportlinal to tie energy density.

S Operating levels of the electrical equipment are adjusted by varyingV the photoiultiplier dynode voltages to provide optimum signal-to-

noise ratio, and a degree of balance that allows a signal ratio or
unity to occur near 14000"K, as the debired temperature for callbra-"
tion and explosiN-s u-e. lies between 2000"K and 6000'K. As previ-
ously mentioned, the. liht level is adjusted so as not to exceed a
maxilm s•litud•, on either oscillograph. This avoids nonlinearity
difficnlties that otherwise would be encountered since the utilized
radiation varies over a factor of several hundred. *

The film records (photographic negatives for the explol•arem
tests; Polaroid-Land for the longer sweep calibration traces) are
analyzed by means of an optical comparator with the amplitude-time
selection as previously described. The time base Is furnished by a
crystal-controlled oscillator operating at a frequency of 1,2 or "
2.7 me•a•yc3as.

Results

Most of the work to date has been dt~oted to recognition
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of the Idioxynar"Ie' a"d &efVelenoiea of the syste. Preliminary
testing- of the qulpamnt, Vith, ro& pellata has been made tar t*U .. '
and TMr in both air and pro"an•. The dat w considered Vie-
1±• narys pending complete calibration of the syttex. Tentative
Catonatilca temperature data for tetryl and TAT- •harges fired in am-
blent air awe given in table 1. The temperature ot the T2 Is hiahge
because of the lnflusnce of the shoo); temperatures In the aLr both

~4 ~ I tb i, .vanarvoiht. Za n tvetxtrwZ wvfrL
"baa a higher den•s•t, air-shock I =sities are ninisied. This f-
fect is subetanti"ted when the data are cepared with Výt given in
table 2 for similar charges which had been propane-impregnated and
fired in a propane surround. Densities of Yepre entas.iv pellets

of each explosive were determined on three tepMnte (sea figure I).
The temperature at b' is considered to be representative of the 3
segment and being nearer the center of the charge is probably the

Sdesirable zone for temperature analysis. The propane effectively
reduced the air-shock components in the temperature obtained at

* point e after the detoration had passed out cf the charge. Teler-
atures of the air shook obtained at point c and given in table 3. 2W
b* considered reasonably anourate if detonation spaotrograws re-
cently obtained, Indicating a contlnu= for the composite charge radi-

ation, a& correct.

These results appear of a reasonable order of manitude
when cepared with the theoretical detonation teqperatures shown iL
figue 4 (6, 7, and 8).

Further refinements are being made and it is anticipated
that additional data wil be available which will support or In-
validate these preliminary data.
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Abstraactt

A ticroecope has been built usinth the principlgedipa dis-
section p hat has ben applied recently to the optical systes of,
cama- ro, so that series of hoeo6rahs can be pr ecordhed at hie spe dse,without con•Iex eTAupment. (&T.S. Courtney-.att , X'.PhotSci,.,1953 J 5f.} !

A Plate embossed vxl'r a Ure ntoer of' Eos lense20a itused to is-"
saot t2h0 picture into nmall element3. These are all recorded simul-taneoeu.sy an a :plate,, but each element its separated from its neigh-.

uri lay a distan e achievediat the same or o er s bize of the
elvent. Many successive pictures magy e similarstn oibsetes and

oorbeen usethe samke p e interlaced irpth the others. The displace-
Meat of successive image* with respect to the plate• need onl be an

Weat a3 the uwidth r of a single picture elemint. In sbme yaean thedipaceent was produced by altering the direction in which lieit

fell ac to the lent ioular plate. In the new microscope the dasplte-
Menl iz producet by traversing the photographic late.o The uednomen
SMAYbe studie in transmsesion or rep ection and very spmole pogit

r!slouuteo are ateoette,

. The mioroscope has been used to take series of 200 pioture
" cot 25,000 per second at menificationd of several hundrei Xo iAShe-S =a&r•'ications are possible but at reduced speeds, Any smaller mag-

nification can be achieved at the same or slower speeds, by simplea~tub-

dtitctesn of longer focal length objcintives, and the apparatus mad
even 'be 6sed for high speed photography of distant objects. It has
also been used to take series of shadcwgraphs.

The .quality.r of the pictures is limited by the number of
1 lensalets across the lenticular plate - at present 320 lines across the

ftlalS - but there is no reason Yhy -larger plates might not be uesed
with corre m-ondinE improvement of picture quality up to the point at

vwhich thee resolution is limited by the objective.
i!I The micmoscopei can be used to unscramble the composite

recor5 for slow motion viewinl ane for convent-as printing of inedii] ~idual ipictures. SepaErate, u~nscra.mbling apoparatus. can easily be made.
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The microscope i a being us,!. to stre tho earnlestý stges of

The speed$, the range of magniifrications$ and the& stM2liAtr-
of the apparatus make it suitable for the study of many physical

' • . problms'.

aclg In the Research IUlzrnzmo' f= t..Aslta and, Caemiatz,
A%&L4. wefWe have laen. atudkjfma fkat- reactinas =4 av ,.al

oped a number of new photographic techniques (2-10). Or.e braon&, of
this work has been a study of the application of the 1. rinoiple ,
image dissectim to cameras (6-9). This =&kes it possible to record a
ser, os of photographU at high speel without complex equipmetot

-The basic optical layout is shown in Figure 1. The main l
L forms areal image I of the obje.t 0 on the Tront surface of a platoe
embossed with a large number of smill lenslats. Consider the rays that
pass througi a small3 aperture at- te centre of the main lens. These
ray fall on the lenticular plate and each of its lenslets focusses
the light that falls on it to a emall element on its principal axis.
The phootograpIo emulsion is placed in the focal plane of the lentio-
ular plate, and the picture recorded. ty the emulsimn Isthus made up
of a large number of small dots. In practice this is not a serious
disadvantage. Most printed illustrations, are similarly made up of
dots. Provided the total number of dots is sufficiently large any

/ given amount of information or pioture quality can be reproduced. The
large niriber of dots that pgo to make up a picture Are all recorded SI.M
ultaneously on the photographic plate, but each element is separated
from its neighbours by a distance that i•s large compared with the aim
of theelement. Many succossive pictures may be similarly dissected
and recorded on the same plate interlaced with the others. The die-
placement of successive images with respect to the plate need only bi
as great as the width of a. single picture eleeAt. The dip e
may be produced by altering the direction in which light falls on the
lenticular plate or by traversing the photographic plate or .th
lenticular plate.

In one of the simplest sorts of camera, use was made of the
firs', arrangcment - altering the direction in which light falls on the
lenticular plate. Consider again in Figure 1 the rays that pass
through a small aperture near the outer edge of the main lens L. These
rays form a real image I of the object 0 in the same place as before.
Again each of the lenslets of the lenticular plate fo cusses the light
that f'als on it to a =a7 element int the focal plane of the.
lenticular plate. However, these rays now fall obliquely on the
lenslets so that t-he picture elements are no longer on the principal
axes of the lenslets but are in a &4.splaced peripheral position.

A conve-ient way of moving an aperture acrss a suitable
lens is to cut the aperture in a disc mounted to run in the iris plane
of a camera. lens. As the disa rotates the aperture moves across. It
is not necessary to restrict the movement of the aperture to a single
line, and it is possible to move a seri.z 4f apertures across different( parts of the lens by disposing the apertures as a sp:ral array aroumd
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SI. iasrsm of the basic eptical l.ayoutt for image disaaetidC
i " fra= photography., The camera lens L forms a real image I Pt
S• zn t 0 on the lentioular plate %hich disseota the pioture iAto
a ] n=:aer of elements each separated from its anei,•hbours by dia-
Slar-ge compared with its size, so that considerable nuxubert of
1 ±m_--2• nt pictures can be recorded on the one plate. The diaplaoa-

Sc" the pioture elements for snuoessive niotures can be achieved
S'by altering the direction in 9zh±ch light fala on the luntioo

UZ,=- •-=Zte, and this can be achieved by movement of tha aperture
- •e 1=; or by traversing the lentioular plate or the

•--a~••'C plate. Solid lines indicate the light paths when the
- -±3iS in a central position. Dotted lines indioate light
S:Lf the aperture is moved to a peripheral position,
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A. number of cAamras of thin k~l have Uen blt 1in the P1 =.L
YLbcratoi 2 and more recently ozmr!ýLal mAni ractwe Us. beo= oo
menced 'by J. LanWba Mmp son Ltd. The cameras are able to take
series of 200 pictur-e at rates up to 125,000 per second. Noe of the
mechanical tolerances of manufacture are at all stringent in these
cameras. Their overall effective aperture is about F6.3 and their

reackli~on aIn. dMfferen~t axampleha, IM, 2=C 3M 21nea acroasst
OIA in both dim-abons. They can be used eqfly wel7. for snlf-

luminous objects or for objects that arem Illminate in reflection or
in silhouette. They can be used conveniently for the photography of
objets that are relatively distant, that is at namaictioms fri m
l:o to approximately 1:1: and .with some complexity the mamiftmaticu
can be increased a little beyond this. At maiifications =mch greater
than unity the distance between the lenticular nlate and the camera
lens is much larger than the focal length of the lens and it is
impossible to obtain enough scanning distance across the aperture
of the lens to make full use of the photographic emulsion.

The Cine-Microscope 3It seemed that some of the diffculties of wor~ft
at high ma•ific on might be overcome if the sequential recording
were effected by traversing the photographic plate instead of by
moving an aperture across the camera lens. The major disadvantage
that had to be faced was that the mechanical tolerances of movement

(• "of the photographic plate and of subsequent replacement of the plate
after development, and removement were very much more stringent then
in the earlier cameras. Pigure 2 is a diagram of the optical layout
for a simple microscope. Just as before, the main lens forms a real
image of the objeot on the lenticular plate. Each of the lensleta
of the plate forms a point image of the aperture of the main lens.
As thc photographic plate is traversed the bright elements each trace
out a line on the photographic emulsion. If the direction of move-
ment of the photographic plate were parallel to either of the axes of
the lenticular plate, then after a disteuice of movement equal to the
pitch spacing of the lenslets of the pl.te the traces drawn out by
adjacent elemen+s would begin '-o overlap. If the d-rection of
traverse is inclined at an angle of, say, 1 in 10 to either axis of the
lenticular plate, then the traverse distance can be equal to 10 times
the pitch spacing of the lenslets before there is any overlapping of
traces. In practice, the size of the image element is less than 1/20
of the pitch spacing and this means that it is pos~sible to record on
the photogrhc plate, traces for each lehalet that could contain
200 separate points. If the illumination is intentittent, these will
be discrete points. If the phenomenon being photo*aphed is of slowly
varying intensity then there will be a continuous line but of modu-
lated densit.

If the distance between the lenticular plate and the micro-
scope objective is large, the geometrical size of each image element

Sis automatically kept suitabljy small as the angle subtended at the

1J.L~nghntThomp son Ltd,., SpringJlan~d Lalboratories ,Buahey Heath ,Herts.
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PHOTOGRAPHgC

PLATE OBJECTIVE LENS 0BJCT

E!!
ii

PLANE MIRROR

PLATES

_Igure 2: Dagram of the optical layout for multiple frame photography
in a =9i5e microscope. The lens L forms a real image I of the object
0 on the lenticular plate. Each lenslet of the lenticul1ar plateforms an image on the photographic eaulsion of the aperture of che

microscope objective. Sequential recording is effected by traversingthe elhoeotaphic llate.
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lenltioula? pla~te Tbytw zi=Lscqpe- ob~tv aperture is very man,-,.
ThiS, ~a3 that the'objeetive, aprijneed no be aztficiafll
zestrUVMLod- Thia is of peat 1DI~SOas fZ1use may5 thacL be mad&
Of &all %iw 2 gh~tp.gpthering power that Is a 6,1Abl, 'ItIL =d&=
microscopeobjoiv

Again 8 if`th ito ewe h01entiouar plate end&th
m~icrscope objectivet is,~ 7It -it Is possiblo to mak. use of a lIg
laati calar plate an&4 st*U k.qI mwaf the fjOU 5A an0aof aawx lati,
xdr~wp objectives, Ther zeou iof thS pictur depends ca tb*

number of lerislets &am"s the plate end witb the plateis that we use
theme 'are 25 1 alto,,~ am. The larger. th@ plate the higher can be
the picture quality,

The nuaber Of pictures that can be reOarded in a series&
depends Mi the sigto r ema elemenxts. MWr strictly lhe nslets
-iis prpotia theU pitbh opcn fthe estPZVPr~t~t1 P rIO p intsanid 0 in the width of an impg element. Tho FuoC5 of the method is
thus critically d pemdant an the qusi' of t 4e le~itculir platens, and
I would like to express mW thaniks for the &"IsPtsflb an ocaai
of M# R. MandIlhat mbaa fizmt bas, aup~p3i ad J- the l1enti cular plates
that I have used. Thv weri oveL.ad rmrl far stereoscopic
phOtograph by the Bonnet prmz-.Athin Si1*Ot of plastic bonded
to a sheet of gl ass is embossed by a tie or siitriz out ini fine-grained
metal with an array of q~lindrical lemses. If two. auch cylindzica1
l~enticular plates are placed together vith tIai@r adbossed faces
just touching, the c biaonacts as tcgithe plate has been

embssd wthan am~y of ahrcal jense4., A parallel beam of

Ileen i increased above this because of tiq grain of ta 16 o
graphic emulsioni, andl the pbysical. asio of *Mj objective aperture.

N YnreOver., image elements to be clea~rly reolg =ant be further apart
than their wid~ths at half intensity as othazuaG there is some i.nten-.
fern~en and ghosting. Hamovez-, with present apperattus an image. width
of p/20 can easily be achieved using proceed platens and about twice
this with fast emulsions.

Ytigure 3 is a photograph of a mi&,OpcOpe made to try out
these ideas. A nu=ber of pieces fmroa1 a Vicktra projection miorosoop4*
have been incorporated. It is posaible to gag (1fj of the obj~otives,
iieye-Piecess ii iadntores, ocdns and a*y of the attachments to the
mechanical Sta~ge that arm currently availabi1,9 The box-Zike at-ructurs.
to whiich these pieceso the projection mi0 zyjtiope are attached simply
ensures that the mnicroscope objective'(and tino projeotion eye-piece if
one is used) are a long distance froma the lc~&icular plate.

A fraemerk has been built fruzi dr&4-s steel angle to contain
the lanticular plate, the photographic plate uind the traverse meohsaxsz
This trasm is idnematically mounted c= the eu4 of the main fram~a of the

A " La, 1Rell.iehg hie" 1,52 Av. dua Champis Ejymaen c8~xiB
* 1anufaoturdb Cooke,, Troughton & S±z= Y ~. ork,
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mioroscope. ?igam 4. a• a. clos v±.cve Of the traverse meohasi&
ha plotograph±c plate IA it faatenea b- clwaT B- a•anst kinematic

atop& G in a steel frame D To svoi AanW possibility of baok lash,
K ~ this steel f~rame is mo~mted am four laLstie steel link 11. 'Them

form an elastic parallelogram linkage but if their outer enq waxe
06 AZriL4y fix they would not allow movement without- extension of the'

links* AcowrdnglY, the outer ends of the steel links Z are fasata

,V to four very stiff Cantilever spring. F. The photographic plate a

fo2- a f~rCe of 15 kilogremmes. A si mlar force applied in eithý&
direction in a horizontal plane produces a deflection which is less

than 0.005 cm. As the cross forces need never be greater than a

fraction of a kilograzme it is easy to maintain reproducibility of the
traverse to a&very high order. The iariation of force with displace-

ment in the traverse direction is non-linear. The force for small

displacemeats is ver7 s0a1l: the force for larger displscament
rises very steeply. If the frame D is •isplaced and then allowed to

spring back, the initial acceleration is very high but it traverses
the centre section. at nearly constant velocity.

At the top of FiguL 4 can. be seen, a toggle catch mechanism

G. It is possible with this to hold the frame displaced and then to
release it either mechanically, or electrically by cutting off the
current in the solenoid H. At the bottom of this Figure can be seen
a system of accelerator springs and buffers J which can increase the
workin5 s velocity of the plate a factor of 21 - from 30 cma./second to

75 casod
Figure 5 is an enlprged view of a small section of a compo-

site plate on which are recorded some 200 picturca of a rotating

slotted wheel. Behind each lenslet of "the lenticular plate is a track
which is alternately dark and light depending on whether or not there

WaL an image of a tooth or a space falling at that moment on that
Slenalet. It can be seen that the tracks are distln•t an& wegmaato,

and are inclined at an angle of about one in thirteen to the array

* of lenslets. Flgure 6 i1 an enlargement of a small seation of the
same composite plate on vhich fell an image of a second rotating

wheel. In this case the small wheel was driven by a synchrmnous

motor at 3000 r.p.m. and had cut in its periphery 200 small teath.

The alternate teeth were cut twice as deep and other sub-multiple
nurtbers of teeth were cut at greater depths. Again, as each slot

passed in front of any given lenslet a dot was recorded, and it can be

seen t1at discrete dots have been recorded at 10 4 /second. On occasions

on which the additibnasl springs were used to accelerate the plate
these timing dots were spaced 24 times further apart so that even at
the most conservative estimate it is possible to record pictures at

25,000 p-)r second. This speed could easily be incrt~ased a furtherS~fctter of 3 even using the present elastic suspension system and

accelerator springs, if a plate holder of similar dfasiz to the pres-

ect one, but made of light alloy, were substituted for the steel plate

holder.

Viering the Record On some occasions it is valuable to stu4y thb
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• •izre 5 An 'zlargement at 501 of part of the co mpoalte p.pate on

.'•which was recorded a. series of' 200 pictures at 104/sec. of' the rota-

.• tion of' a. slotted vtneel. The trace behind each lenslet is alternate-

+• y dark andi 1ight dependi•n on wihether or not t~here wvas fallin~g on. it

m the Image o~f a spoke or a slot of' the rotor.
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Czoasito plate 4freat2y, F'or example., f rom t1heie last tw- eWlargt.
mants it wouU be possible- to- &etermine the rate of rotation of the

4 . aicitte& rotor. lkwe- uwitalyj, -- viaiies to a J ne l 3d &aX SO.m-
tmre& c- frnmba - that in to •nrai the composite record. Mre-
are various ways of doing this. The eim.lest is to replace the oompo..
site plae .aft processing in the plate holder D, and to illuminate
the miormscop6 Jective writh a steady light source. Light will pass
through the app .atus just as during reoardtng azd each lenalet of the
Isnwi4, ' t-arlate vin 21&e~at l t M tv tft r frMM~r Part or
the track that was recorded when the photozaph:o plate was in that
identioaCi position. The light that falls on any lenslet is focussed
to a small dot on the photographic plate. Some of this light is ab-
sorbed, depending on the denmity of the plate at that point, and the
remainder passes through the photographic plate and spreads out so
that at a distmuce behind the eawlsi-n about eqtial to the foc'l
"length, f, of the lenslet the light fills an area about eaal to the
aperture of the lenslet p2 . Thus, in a plane distaYnt f behind the
emulsicn there is a picture of soother toning'but otherwise identical
to the single frame made up of the tiny distinot dots that were all
recorded simultaneously. This picture can be viewod direotly or it
can be allowed to fall on a diffusing screen so that it can be r
easily seen when looked at obliquely, or alternatively, a photographic
printing paper can be placed at this plane for obtaining a direct or
'contact' print.

If the photogrphio plate is slowly traversed by a mioro-
* mister, sich as that shown in Figure 3, at E, just belor the plate
holder D, the phenomenon recorded can be viewonai in slow motion. It -iS
possible to copy this slow motion preselitation with an ordinary oine.
camera for later projection through conventional apparatus. I7.
another method of unscr-cbling, the direction of the light rays can be
reversed. That is, the photographic plate is illuminated from behind
and the record can be viewed by placing thi eye at the position of th6
mozrosoope objective or recordea by placing there the lens of a opy..
ing camera.

Figure 7 shows four contact prInt's teken from the Sau pa
enilarg=e•ts of parts of which are sh!'Yfzi in 1?ices 5 aA 6. Theae
prints were each taken simply by holding a prinrtiag paoer against tho
back of the photographic plate wne• it v,'as piaced in sowe one of its
tr"-ers• positions and a _Lit plazed over the microscope, objective.
Th -.ond of the prints iz similar to the first except'that the plate
hat -- traversed for~-:i by .0025 co. a distance correspoiding to
"0"4 of a second. it c,.r be seen that the timing wheel has travelled
:Iorw.rd one tooth in this interval. The third and fourth rrints are
similar frames but recorded at later intervals. These prints ELve
some idea of the resolut. n and fidelity of the record.

Applications of the Aparatus The microscope has been used to ztu@v
a nurber of thinr•s such as the vibration of fibres, the formation at
droplets, and the operation of relay contacts.

There is no necessity to restrict the use of this apparatus
to photography at enlargement. The whole of the recording mechanicu
can be used in ea-y camera to take pictures at the same speeds as
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"TimeT 0 T 1 4 sec.

7r

T't.5.iC5sec. T=5.17 4 sec. "
Pi~e7 Four prints unscramrbled on the microscope -romi the series
of 200 recorded on the composite plate from which Figures 5 and -6 ha
been en~lar-ged. TLhe alotte.a rotov and the timing wheel wn both be
seen to rotate. The measured interval between the f'irst t-%O prinfts
is 10-4 sec.. between the second. two ia hal~f of this, wi'ile the last
is somewhat later. Both the- slotted rotor and the timirip wheel have
been recorded. as shadowaphs at ..mity a•..nificatic.-
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SA selection of 6 dpictures from i te series of 20v) recorder d
at an enlargement of 65x of the broi•on of a f3z tl crystal afm~rcury fulmina~te by a wire heated by a sudden pulse of current.

lef) Tehnd Twohysase fagmnts doti nlotdeciwreas in adizenr does #w

before iguaatior n (1i) T=.8.0 ""sec. Te ..gr cr-sta. is ign,•, at
the lower left wsmel it is in contact with the wire. (ii) " by. ee.
The crystal begins to Seve bodicky under the reaction froA the expan-
sion of the gaseous produrts of decomosition. Tm decld ositron hasfored. a crater in the side of the crystal. (iv) T--6. lO-'+ec. The

costal ecd a ved further across the fie of view and baa turwle
through 90 • Sn'he I fragments hae broken away from the crystal and not
left behind. These fragmn•nt do not decrease in aiize, zor doeste
crater incz~ase, and presumrably reaction has ceased. Cr) T--8.10- seo.
The 'wire has relted and has forred into &rofletu thinly jon• by
molten filamepts. Severe block crackn of the crystal 4,• evident.
(vi) T--1O0iO0 sec. Sonme of the droplets of the melted wir have
coalesce aid are at th'is sta•e• oscillating vigorously. It will be
noted that the fragrienta broken from the large crystal are not

consumed, ard the smaller crystal Jul has reained unaffected throughout.
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batare (i.ea. up to 25j,000 ±'ThZm 1 Wsiescoa) Bliply by- the. subatzuwAmn
of' udtable lense, the apparatus can be use.& at low magifioatioa - or

S.for -the- photomp•-y ofz wnte obbectas. These obaectas, toýo. an= be *
either seltnai0 or separately illumLnated. * one occa•ion, t"--
example, the microscope objeotive wmw replaced by a. spectaole lens of
focal length 1 metre, and an irio fitted to stop it down to an aper-
ture of 1.2 ca. The camera was then used to photograph the cutter of
a milling machine running at 600 r.p.m. from a distance of 2J metrae.

Hovers, the maizn field of work in whic we 8MV Iring the
microscope is the study of the earliest 'stages of exploaive reactions.
There are many problems •n tho mechanism of the ig-ition of crystals
of explosives - How do the cry-tals burn? Do they break up into
blocks? Does detonation proceed uniformly through a crystal? How is
the reaction transferred from one crystal to another? lhy,scm as,
does a detonati•on ia4? In asme cases reaction has been initiated by
an intense flash of light, in othtrs axides and fulminates have been

.* ignited by direct contact with a k~ated v.re.

I: woul like to express zW thanks to D--. A. Yoffe, for the
* series of six piotures which are z in w & 8. Mihae are &

selection from the 200 recorded at a malfication of 65X. The inumn-
Inaton -as, provided by a Philips' Photo-flash bulb, type F 60 ,# and
an ordinary ccndenaser system was used. The photographic plate was
Ilford process type N40, developed in ID 11 for 2 to 3 minutes.
The slow motion record sh~va the igiition of the crystal of mercury
fulminate at one edge by contact with the platinum rhodinu wire
(di.a. 0.003") when it was heated by a &'dden 5 amp current pulse.
The rapid evolution ol' gas propels the crystal bodily aacosa the
fie. I of view, the part of the crystal that has bea decomposed can
be týearly seen, and vhen the crystal has travelled some distance a
fraenent near this crater breaks off and is left beltind, probably
because of thermal stresses or due to the evolution of gas within the
orystal material. tMile te crystal is mroving across the field of
view, the heating wire mits,, forms into s=0ll droplets, and sma of
these later coalesce. In the slow motion play-back of the record,
the droplets after they coalesce can be seen to oscillate rapidly. It
is interesting to note that a second crystal that was originally near
the first remained stationary throughout the record, and had not been
ignited, although a burning crystal was in close proximity. Indeed it
would appear that the first crystal, though it burnt vigorously near
the point at which it was heated, did not continue to react at the
same rate, and may even have ceased to decwpose.

Light Sources and Accessories Az mentioned earlier it is possible to
mkuke use of the whole of the lio3t gathering power of the microscope
objective. Firthenrore, all the light which fallU, on any lenslet of
the plate is concentrated to a small picture element which may well
be tht0r of the iaze of the Tenslet. The brillianch of the paints
that are actually imaged on the enulsion is thus much oreater than
would be the case in in cmnenticnal rdcroscope. Because of this
intensifying effect of a lentiz-ular plate12 and becau-e it is possible
i:to use large numerical aperture objectives, it is possible to take
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pataes at high magk :eaticm wit t ex1apose times even uaingzatve• weak sources. A limit to the- marficatica and speed
t.hatis posible with a given.w* p- .Ap .ens-ii- sitz* Ute.
Vesd fl brilyliwe cf the source, pxvide&,f c m tb,,s the
sourc in above a certain rdnimau size. It is possible to use are
lamps, but by far. the moet convenient sources and, in fact, the ones
that I have used for all the illustrations in this paper, a- ord-
nary photo-flash bulba (magiesiUM-o gem). The specific brilliance

at the-* bulbs if ot the- ardr ce,'!A an Is =zzarabA
uith the brilliance of the crater o a carbon arc. The duration of
the ftash varies with the different types of bulb, but for the bright-
er bulbs iti i above half intensity for mare than 1/100 sac. and
uau y has a long low-intensity afterglow. The flaal fro-m -one of
these bulbs is ouffloient to allow a recording of the mhole series of
200 pictures ca the one photographic plate, even a process plate, at
maanifications u to 500 and are.

It was desirable to redwe the fogglng of the film fmm.
stray light or from the afterglow fuan photo-flash bulbs, and a.
capping shutter has been incorporatea in the microscope. A small beln
crank K is operated as the plate boa1er D, Pi.&as 42, mares domw an&
thia drss a steel tape L through a slot. just below the microacap&
objective. An aperture cut in- the steel tape registers with. the
microscope objective aperture and allows exposure of the photogrphio
plate for the co.rect traverse distance, when the plate is in mid-
traverse ca- u-"'.viug with nearly aonstant velocity. I would like to
express mr thanks to C.R.R. Brsy for suggestions which, with minor
modification, ie m to the deve Vonzzt of this form of capping shutter.
Adjustable contacts M have been praviAed for synchronising light
sources or features of the event fr .mov.ment. of the plate holder.

The specific brilliance of flash dischazre sources can be
higher than that of a carbon aro ard soam work has been txdetake
with D.P.C. Thackeray to produce suitable discharge Iamps ftr sV
with this cine-microscope. Some of these are described briefly in .
paper iesented at the recent Conference in Paris on High Speed
Photograpic(ur). It as found that enough light could be produced "
record pictures at 1.0 frames,/secozd if a cerent somewhere between
10 and 100 amps was passed between the electrodes in a short.gap flash
tube. The current could be providbd by using a simple oontacter on a
high-ten.dion supply, or with some difficulty by the use of a number of
condensers and chokes arranged as a lumped delay line. Repetitive
flaahiig of the source was also tried, using a rotary brush switch.

The specific brilliance of the spot on the screen of a
cathode ray tube is also comparable with the brilliance of the crater
of an arc lamp and a good deal of work has been dcne in the P.C.S.
Laboratory on the developaent of gear for making use ot(14 cathoda
ray tube aa a source of light in high-speed photography%

Now in all the uses •cf the apparatus described above ths
light that comes through the objective falls directly on the
lenticular plate and the physical size of the aperture of the
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oh~ea ttiva W±i- quJite amal and-fairly &iartant fromk the I Guidcallar P.&te.
If aqk ob-3ect usre- placed between th (obJective and& thST lenticular

plate it. -_ul& easat a shadiow ca. thm =laa Thar a I mratuz ~thn
be tvrecar & seies o at hadowsraphs. Di fact,, use 2tas tam

the toothed vhael N* 7 gareJ. as described earlier; and F'igures 5A
and 7 all relate to a .hadowgamph recording of the rotation ofa
slotted rotor and this ,'. Adn& vte.l.

As explaine4 earliar, it Upossible- to wuscramble thi
in. the plates bolder, It would be difficult to make leniticular plates
.sufficiiently nearly ýdentioal to be able to umarabl Is n cone apparats
a record masde In andtbar. It is, however, often convenient to have a

seartemesnsfor =scrambling a record and this can be done quite

behind the leanti cular plate azx & static picture taen M thin-±5Ij
developed there axe sma~Ll black dots in a clea~r field. A contact .

print of this is taken on another gratioule plate and. 'vhei this in
.S developed, there axe small olear,dots in a black field. This =Ta of

dots is idontical. with the a~rrsW of focof 'tthe croasse pair of
Uaitoular plates. If now a composite plate is aligped on top of thia
and that two togethier viewed in transmission, only one of the recorded
ing one plate relative to the other it is posuible to obtain slow-.
motion viewing. Miis provides a wuoh more grahic presentation of an -
e-ent than the inividual exudnation of successive diuicrete frames*

lu= A microscope has been built using the principles of impg
dissection. Vithxrat. elabora~te gear it has proved possible, to take

* series of 200 pictures at 25.,000 per second at magn ifications as, bi&
as 5=p~ using process plates,, and providing the ±fltad~natio for the
whol' of each series fro uoe xaviesitu-o;Wgen photo-flash bulb. Miczo-
O baph bave been taken in tranambsigion and in reflection. The reaoin-1I
tion of the pictures is 320 lines acroas the field in each dimtnsian
co~marble, that is, vith the Tiality that can be obtained M' a stand-
ard 16 :mz cine-.frame

It has been shorin that,, by the simp~le substitution of long
focus lenses,- the agparatus can be used equally well for the photo-
graphy of remiote objects at the saye high rates. It haa also been
used for reoording fast series of shadowgrephs. 0

jMich higher magnific~ations, (up to 50001) are possible but at 7.
reduced rates. As at these high mapifications the limitation on maz-

im rcodigrate is one of light level and paeseditInpa
ible to obtain considerable improvemeniz, by the use of fast emulzsions,
but this, can on~l be done at some expense in. the number of separate

* ~pictures that can b. resolved in a series. tain
It in to be expected that the maximiri rate of a-n

pictresfor mapiflcticaa lower than 50OX, r-here the- ntto
Il imposed by consIderations of mechalnical inertia, ooull be increased

It 0)by substitution of lighit alloy coz~onenta anid swma attar.crn to dexsin
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detail by a factor of1. at least, so that pietures oould be taken at
4, nea in e~ess of 10C•cond without increa",ng the dela bet! On
mleaw mad ftl rwminzg speedL be7ycl the present- off 30M m eam

bis- -, .oaratLvely long delay is a drasback and means-tbat fca' the
a p f amar phen•ena synchronisation must be from the camem

tothe eVmt.
The appazatus oca be used to unscremble its own record for

a mot -1 m vidng or ft.r W.b pz'tr• atrpartedar- platmew
Sepezrate iu•icrambling apparatus.has also( teem moad

Studies have been made of the initiation and the early
stages of reaction in small crystals of explosives, such as azides and
fuliinam. Records have also been taken of the initiation of react-
ion by high intensity light flashes.

Timing reference marks at liS/seo. are recorded on the com-
posite plate. Synohronising contacts and a synchrgnised Oapping.
shutter are incorporated.

• .e The speed, the range of malifications, and the siqplioity
o a ppthe p "aratus make it suitable for thA study of many pbgsicol

Aclmovledgenets

The broad principles up=n vhich this cine-iorosocyop and
particularly the last desilp of umscram=bler have been built bear
considerable resemblance to those embodied in apparatus developed
by Fordyce Tuttle (13,14) and by Morton Sultanoft (15.16,17), and I
would, like to acknowledge the help that I have received from them
in discussion and from their papers. I would like to express zW
thanks to' Dr. F.P. Bowden, F.R.S., for his oontinýue advice and en-
oouragement, and to thank the other members of our laboratory for
their assistance. I also wish to eq~resa my a for the support
given by the Ministry of Supply (Air), the Royal Society, and
Vauxhall Motor* Limited.
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THN Or DD!TZ CHANCES IN GASIW1Nr"WZ1S 6

0o Be Kiutiakowsly and P, H. Kydd
Harvard University

Cambridge,, Massachusetts

An apparatus is deqoaibed for determining rapid density
changes iA gaseous detonation waves. Its tize resolutiona I& bettez
than 1/ 1sec; quantitative maurements of density changes are
possible to about 1.%, with an absorbing path of 10 cm and gas
densities in the range of 1 Zliter,

. Experiments with several explosive mixtures at an initial
pressure of ove atmosphere have failed to reveal reaction zones
(v. Neumann spikes) in detonation waves, Upon resorting to xenon.
as the X-ray absorbing component, it became possible to -study gas
density changes in detonation waves produced in mixtures at a
fraction of one atqtosphere pressure, Using stoichiometric hydrogen
okygen mixturesewith added xonon, the first indicati-no of the
spike wore obtained at 1/8 Atm. initial pressure. The spike lasted
about 3 ispc at 0.1 Atm, and was broadened to 20 gsec at 0.025 Atm-
Replacement of xenon with a much higher partial pressure of argon
repressed the spike,

Studies of the variation of gas density an a detonation
u-ve passes through an explosive medium should offer a confirmation
of the vell-known Zeldovich-von Neumann theory of the detonation
reaction zone, and yield at least qualitative informatýon on the
kinetics bf the reactions occu-ring, The theory predicts a discon-
tinuous rise in density at the wave front to the value expected for a
pure shock wave moving at the detonation velocity, The non-isentropic
heating of the gas by the shock initiates vigorous chemical reaction,
which causes the temperature to rise and the density to fall until
chemlcal. equilibrium is reached in the Chapman-Jouguet state (1). one
should therefore observe a sharp density peak. whose sghpe and drra-
tion are related to the rate of attainment of equilibrium. I a.
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.L: typical, case the dMsity of iohkod- but unreacted' gas is about five- times the initial density, and It decreasop 'to less than twice this"n a the " state. The technique of gas dwity. destert inat2aw
by K-ray-absoiption is particularly well suited to this problem, ae

I it offers instantaneous and continuous measurement of dewsity, andis independent of chemical change or visible light associated with
the detonation reacticn, An apparatus of this type has beendeveloped (2)a and tha latest madifI = of It will be desCZ~kAA,."An X-ray absorption photometer with escillograph recording

and suitable calibration equipment has been incorporated into a10 cm I.D. detonation tube in such a way as to obtain a continuousrecord 6f the avortge gas density along one diameter within the tubesAs a detonation wave moves past the photometer slits in a direction
normal to this diameter, the changes in gas density in the wave front
are displayed on. the osalograph and photographed*

'* .The chief difficulty encounteoed in the use of this methodhas boen the lo signal to statistical noie ratio obtainable with
conventional X-.ry 'equi•ment in the short time intervals of interest*There are two ways of alleviating thitg first, to increase the inten-sity of the primary X-ray beam, since the signal to noise ratioincreases as the square root of the total intensity; second, to in-crease the ,absorption by Using soft X-rays and adding a strongly
absorbing component to the explosive mixtures

The most satisfactory type commercial X-ray tube for thisapplication is one with a copper target and beryllium vindow pro-ducing a high Intensity of low energy X-rays. The tube in use atpresent is a Machlott model AEG,-50-A, This tube has a groundedwater-cooled anode vith a focal dpot 1.5 =u wide and has beenoperated at 22 KV DCA 32 ma, supplied by a G.E. XED X-ray diffraction
apparatus transformer and rectifier. The high voltage is filtered bya 1/2 microfarad condenser; the filament current of approximatoljamps AC is supplied by the same transformer. To iucrease theintensity without damage to the tube., an automatic switch ha'a beenincorporated in the tube filament supply to increase the emission

current to 32 ma. somewhat higher than is recommended for continuougoperation, for a period of three seconds during which the detonation
takes place.

Since the usual explosive mixtures studied do not aboorbeven soft X-rays to a sufficient extent, it has been found necessaryto increase the absorption coefficient by adding a component of highatomic number. Argon and later Xenon have been used successfully,,the latter giving sufficient absorption at partial presaures as low
as 7 m

The X-ray beam is allowed to pass th.-migh the zo c- rx,
detonation tube by two opposing bcryllium windows resting on flaftmilled in the tube wail, see Figure 1. Slits, 3/32" wide in thedirection of the wave travel), ers milled in the wall under the
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Vinidaa defining- a. 170 wefge ofraato.T wnv re01
tiinU, spotd by.11 steel evrplates whc.carry. ZAP e-
defining slits and rubber ga-sJkts to seal the windows. This arrange-
Mont 'on as- tba WSinMS It" to be XMCow and yet is aftow =W

The cover plate over the exit window also carries the
photomultiplier detector. This is a Du~lont type 629 en'd-vindow
tube with a photocathode. diamueter of 1l-1A6ft, coupled, wut a,
diametera tfla??!um actl~ate4, socfi:2m iodide scintillation crysta,,..
The potential divider for the dynode supply voltages and a cathode
follower to match the output to the input of the signal a~zplifier-

* ~are mioun~ted in a small chassis attached'to the tube socket, The tube
and socket slip into a brass tube soldered at right angles to the
cover plate which provides shielding from light and electrical
interioronce as well as support,* The signal amplifier is a Browning
video type with a constant and adjustable gain. of as much &3 £50
from 7 CFO to ~4 Mae The amplifier is connected to the varicul.
plates of an Atomic Instrument Co, single swoep oscilloscope with. an9
adjustable horizontal sweep duration, which can bo accurately tined
by 20 microsecond pipes The X-ray intensity vs. time traces obtai=6g
whon' the oscilloscope Ise tripped are photographed,

To relate the vertical displacements of the CRO traces to-
Cgas density changes requires two separate operations. The first of

these is to determine the change in output of the photomultiplior

as a function of the gas density for a given set of operating tondi- ,I
tions of the X-ray tube, The output Is read ditectly on the micro-. 1
ammeter shown i.n Figure 2. This corresponds to the observed X-ray
intensity,, r. and is plotted against gas density as the natural.
logarithm of the ratio of I to I I the output with the detonationV
tub' evacuated. The slope of' th?s plot is~ th as borto

coefficient times the (constant) path length in thie absorptlag.4 ~-.
equatteD.

The absorption coefficients determined in this manner are not constantsI
due to the non-monochromatic nature of the radiation and are dependent
on the X-ray tube voltage and emznission current.

To the accuracy ot the present measurements, the slight
effects of chemical change on X-ray absorption are negligible,
Therefore, the calibration is carried out with a non-explosive gas
mixture at room temperaturc chosen so that the ratio of atonic
species is identical to that of the explosive mixture to be used later,
The calibration curve determined for this mi.xture is then taken to be

that of the explosive mixture beforc., during, and after the explosive
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Th second- step is. to relate- the- vertical displateents, on

the CRO-records of each experiment to changes- of X-ray imAtensity and

thuz, threý the- above calibration cu've, to changes in denaitVj. 2
accomplish this the-X-tay Intensity Is observed on the wtCrom0te-

immediately before each experiment. Beciuse of the AC amplifier used,
this corresponds to a. horizontal line of zero vertical deflection on

the oscilloscope record. Immediately after the experiment the

photomultiplier supply voltage is turned off, A circuit shown In

rigure fat cunected to the detector chasssf w. tch subitnitua& Zi

the photo=mltiplinr and produces step function traces on a separato

film, corresponding to known changes in X-ray Intensity from the

initial value. The-mods of operation is as follows* After the

calibration circuit is connected, the iziitial intensity adjustment

is set to reproduce the initial observed current on the microammeter.

Then the step intensity selector is set to the first position and the

thyratron switch triggered by shorting the grid to the cathode. This

raises the potential at A. causing less current to flow through the

1bitial intensity adjustment resistor, i.e. simJlating a reduced X-ray

intensity in a stepwise manner. The single sweep oscilloscope is

triggered at the same instant and the result is a horizontal trace

corresponding to a decreased intensity as night have b-,en caused by

a sudden increase In gas density. This decreased intensity Is then

read on the meter. The thyratron rwitch is turned off, by breaking

the grid-cathode short circuit and breaking the connection in the

step intensity selector; the next selector setting is chosen and the

process repeated. This is continued until the desired lines are

drawn, and a base line corresponding to Ii. added by triggering
the oscillioscope manuai]y, with the thyratron switch open. By

matching the baselines correeponding to II in this record and the

density record obtained in the detonation eWeriment, it is possible

to read the Intensity at any point by interpolation between the
calibration lines.

To convert the intensity values to gas density, I aust

first be determined by using Ii, the known initinl density', and the
calibration curve. Then values of In can be referred back ta theI

0
calibration curve and the density determined at any point.

Random errors are introduced during this procedure by the

static calibration and the reading of the two films. The total
error from these sources is estimated to be 10%. Further random

error occurs due to the statistical fluctuations of X-ray intensity.

It has proved possible to compensate for this to a large extent by
making a number of duplicate runs and averaging the results at each
time of interest.

The systematic errors are more difficult to estimate as

well as more serious. Despite the fact that low output currents
wern drawn from the previously employed 1P21 photomultiplier tube

during the stat!Q calibration, serious fatigue was enccuntered, which
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necessitated corrections. Any change- in tho Otaractoriatles of the
oscilloscope acd a=plifier between the experiment and the calibration
Cco1d aggrftatw thi. The agreement between theory a"m epwtnut
to date has been within 10.

The detonation tube 4.s made up of sections of 10 cm ID steel
and brass pipe oquipped with flanges and 0 ring grooves at the ends
&BA bolted. together t4c makea up an$ deaALMS& 1gt$kW & 5A. QI Ga seas
at thbDs initiation end is separated f the remaird,'wr by a tb1#
plastic diaphragm and filled with '.quimolar acetyl, ie-oxygen. This
when ignitel hy spark very rapidly forms a stabit plane detonatiLo
wave which is transferred through the diaphragm to the experimental
mixture. In iddition to the X-ray appaiatus, the remainder of the
tub3 is equipp.%d with ionisation gagcs (3), which produce small.
electrical signals when struck by the .letonation wave front& The
signals can be displayed directly on a time calibrated oscilloscope
sweep and photographed, bit more accurate ý_'¢ading is possible by
inserting the amplifier-pulse shaper described in (8). Twelve gages
are spaced at 10 cm intervals along the top of the tube. The first
and ninth serve to trigger the velocity ricording scope and the
density rccording scope respectively, and the other nine determine
the velocity. At the tenth and eleventh positions, two additional
gages, at the same distance along the tube but at 120 degrees to the
first, indicate the tilt of the wave front. The signals from these
gages are dtlayed by 2 ard -6 microseconds respectively to distinguish

C_; them from the first,. Tho end wall of the tube contains three more
gages on a diameter to ddtzct non-•planarity of the wave; the signals
are delayed in the same manner ?-a the tilt signals. It has been
four' that at low experimental pressures favorable to X-ray investi-
gaLion plane and normai waves could only be obtained in relatively
long tubes and a length of 3.5 meters from diaphragm to slitt system
has proved satisfactory. In addition the ionization gages were
found to be insensitive to low pressure detonation waves in Y -O .
However, by Uaing higher voltage an the ionization gap
electrodes w'th very small signal condensers of 15-30 wi. to prevent
multiple signals, and especially by using steel wires protruding
I/4" into the tube as the electrodes) this difficulty, was overcome
down to experimental pressures cf 15 ran.

Results

The experiments so far performed have been made with anearlier modification of the apparatus herein descrihod which .differed
only in detail A number of experiments were made to detect the
reaction zone in detonations cf both hydrogen-oxygen and acetylene-
oxygen mixtures at one atmosphere initial pressure. Under these
condit-ions the reaction zorne was undiscoverable within the resolving
time of the apparatus of less than 1/2 microsecond. Nothing of
interest was determined in this phase c& the .nvestigatiol, rnd the
apparatus was used tc verify the hydrcdy4 iamic predictions for the
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dny-tty, distribution in the rarefaction region oehind the steady

state zona (24). This was done for equimolar acetylene-oxygen with

20% added argon at a point 69 cm from initiation,. It was found that

the manner a initiation was- important -for the rapi4 establishment

of a normal detonation, and that simultaneous sparks distribute&

evenly over the initiation end wall gave very satisfactory results.

This initiation system has been used since in all experiz-.intu. The

results were in .groement with the hydrodynamic prediction of an

isentropic expansion wave following the detonation wave front, with

Or Cow exy urk until' Ats, foguard uatlom _ie&" and.tbma - m-ak
at rest at constant density.

At the completion of this work hydrogen-oxygen mixtures

were again studied, this time at reduced pressur3 with xenon as the

absorbing additive. Due to the pressure dependence of the reaction
rates, it was now possible to identify the reaction zone ard vary its
duration by varying the pressure. The highest pressure at which
concrete evidence of the reaction zone was obtained was 95 mm of y0O%

L -;3% 02 -vwith 5•5m Z addcd with which a sharp density spike was
served in one experiment. At 85 mm reactant pressures the reaction

zone was observed consistontly and five experiments were performed
so that the results could be averaged and the statistical fluctuations
reduced, as shown in Figure 4. The density does not reach the full
shock value by a large margin though measurements were carried -out to
within 1/2 microsecond at the wave front. This is partly due to
finite time resolution of the equipment and perhaps to errors in the
static calibration curve. However, since the same behavior was
noticed in experiments at lower pressures in which the reaction zone
is much longer and in which the C-J density is reproduced accurately,
it appears that, contrery. to expectation, the reaction starts
pract'ically instantaneouii.y at a very high rate which decays rapidly
as equilibriun is approached.

rxpcrmeonts at 65 mm, show somcwhat longer reaction times
and a closer opproach to the theoretical density at the wave front
but still -how no evidence of an induction period.

It was ilourA that detonations would propagate in a normal
fashion ut reac*'.at pr !ssures as low as 15 mm with 11 mm Xe added,
though at a vezvy lcr velocity of close to 1200 rn/sec. At these low
pressures the rcuztion zone is opproximately 20 microseconds long,
Figure 5, and though the initial portion is often marred by non-
planarity of the wave frontp it still shows the steady fall of
density frvo the extreme front of the wave to the C-J state.

Thiv is not enough evidence as yet to clearly specify the
dependence of the rexction zone length on reactant pressure, but a
preliminary esti,.ate is that the duraction of the reaction increases
as the inverse square ou thec pressure.
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The obsetrved duration-of -tlhw react•on. zoe is not. ldeml*cl
* wLtbý thiv time that a gas velumo elemmet spends in- passing $rom the
shock front to the C-J at-te-, i.e. with the duraction of chosical
react-ions In this volume element. Considerations of the reactiop-
zone'as a stationary wave form moving by the observer with the
detonatict velocity, lead to the expression:

where t' o is the observed duration of the reaction zone, I'. as
the true dnatlon of chemical reactions in a volume elementl I. is t1
initial gas densitys A. is the observed length of tio reaction

zone f I •t./D), f ia the instantaneous density of gas in the
reaction zone. U the latter is roplaced by the average gas density
in the reaction zone, av p the last form of the equation results

which is particularly Instructive. Since the autual densities ob-
served avr#age from 2. to 2PI times the initial density, the actna
reaction tlmes appear to be 2 to 2-1/2 times the observed ones. 'ThIs
ratio does not significantly depend on the initial pressure in'the
above described experiments.

The effect of inert gas is of interest. When a mixture of
13 parts argon and three parts stoichiometric H+O was detonated at a
total pressure of 1/2 atm, i.e. a pressure of -• of 71 m at
which the reaction zone would certainly have been o served had the
argon not been present., no trace of a density peak was discernable
in. two identical experiments. This indicates that added rare gas
Increases the reaction rate even though it lowers the temperature in
the shock wave.

It is a pleasure to acknowledge the wupport of this research
by the Office of Naval Research under Contract N5ori-076., T.O. XlX#
NR-053-094, with Harvard University; also the gift of Xenon by the
Linde Air Products Co. Some of the electronic equipment described was
constructed by r. fRoger Humbyrger.
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TIM ATTAXNMNT OF TMUMR TAMIC QUI• IBRIUM IN MUT•ATIZO WAVU 7

G. B. Kistlakowsky and Walter 0. Zinmam
Harvard University

Cambridge, kaasachusetts

Abstract

Detonation velocities were accurately measured im lean
acetylene-oxygen mixtures in which unreazted oxygen way be delayed
reaching equilibrium in regard to its vibrational heat capacitr an&
dissociation into atoms. Comparison with calculated velocities
proves that with all mixtures containing from 50 to 5% acetylene
the observed velocities agree with equilibrium calculations. The
degroe of agreement Is such that equilibrium temperatures are deter-
mined to botter' than 1%.

Observed detonation velocities in mixtures containing 5)
and 55% acetylene are incorsistent with equilibrium calculations,
provided the heat of sublimation of carbon is taken to be .111 Kcal.
They agree excellently with similar calculations assuming 170 Kcal
as the heat of sublimation. This is regarded an strong evidence for
the latter value*

Up to 71% acetylene the observed velocitioi ag-ee with
calculations asuuming that no solid carbon is lormed Ir the Chapman-
Jouguet state, although total equilibrium demanrd it!s proaece,
Vith 71% acetylene two velocities are obser-ved in the same exporLz.ent.
First a slow wave, whose velocity agrees with _a calculation not
allowing for sAod carbon. Then, after an almost discontinuous
transition' a fasterwave whoua velocities is fairly close to a
velocity calculated under the assumption ot total equilibrium
including solid carbon. Vitn still more acetylene only the faster
type of wave J.s observed,

fhe nature of the trainsition\ at 71% acetylene is discussed
on the basis of ideas advanced by Doering and by Kirkwood and Wood.

1h1 effect of tube diateotc:- on detonation velocity hats been
reasured in sevecral Mixturea and has boen found to be of a small
coustant magnitude,
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Whether or not thermodynamic equilibriun Is attained in the
3apman-Cugizet (C-J) state of stationary detenat lee wave*., has beon

repeatedly considered from tk~a experimental and the theoretical point
of view* In -ovs recent times Lewis and Yriau~f (1) demobistrated that
the velocities in hydrogen-ox-ygen mixtures agreed far better with
calculations in which complete thermodynamic equilibrium was assumed
t& ezA~at. aismp thq :e~aatim Vzoduata. la the "- state, thanA uItL
thaws srssmaing7 quantitative reaction. U3A, .1ioA (a) came to the am
conc~lusion. Thel detonation volocitias obtained in this laboratory()
fot cyanogen-oxygen mixtures containing at least 50% oxygen agreed
w3.thin perqiwne-Atal error with the velocitleg calculated .assu~ming
thermodynamic equilibrium in the C-J state. The high value for the
heat of dissociation of nitrogen which had been used In these oalcu-
lat~ions ha's now been couf limed (14), and the high value for the Moat of
dissociation of carbon monoxide which had also been used in thes#
calculations seems probable (5) Also in the case of acotylene-oxygon
mixturea contalinin from 25 to 50% oxygen (6) and of the approximately
atol'ohioriotric nixture of carbon monoxide. and oxygen (7), excellent
agroeaaat vith equilibrium calculations had been obtained,.

ftom the theoretical point of view, the attainaent of
equtilibrium in the C-.J plans is not a uoacaary requireient,
Zoldovich (2) pointed out that an endethoramic r'ocnction logging behir~l
the exothermic processes reaponsibla for the detonation will not be
included in the C-J state and will occur, therefore, in the raref ac-
tion wave ibere It has no effect on the datonatioui wave parameters*

The r~gorouxa analytical treatment of the problem by Kirkwood
and Vood (8) h" - defined the conditions under which equilibrium may
not be attainado The C-3 state corresponds to the condition

13LI Z -(rj aO
where the r~ are .he chemical rate functions of the j reactions,~
preizumed -to be Involved in the detonation process., while the Jr
describe the effect of ea~h reaction on the pressure of the system,
cauacd by the enthalpy and mole number change. An they point out the
normal case Is for the left side 62 (1] to become zero when. allA
vanish, because equilibrium has boon attained. Howevera, -when some a
ha egative values (i.e. when reactions occur which are either
endothermic or are accompanied by a large volume decrease,, or both),,
equatiecn (11 may be satisfied prior to establishment of equilibrium,
In this event thiose residual reactions which occur after the summation
in [I] has become negative, occur behind the C-j state-and have no
effect on the detonation parameters, The authors are unable t&
decide, on the basis of their steady state cons~iderations, what
happens It the suimnation in (1] becomus pobitivco again after ha;Ulin
beon negative for some time, A less defined caco of a fast and slow
exotlirmic reaction has been qualit-Rtively discussed by Doering (9).
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He muggests that while the deonetion--wave it still "youne and
"therefore its rarefaction wave is. stoeep, the slow exothermi reactiom
mut- occur In the rarefaction wave., With the progress of the dto
tie& wave, the rarefaction becomes loss steep and the delayed reaction
develops a shock bhich must eventually overtake the C-J p1AMA&
Thoreupon~the slow reaction cobtributes to the parameters o. "the wave,
In the language of Kirkwood and Woods Doering's proposal means that in
the early stages of a detonation wave its parameters are 4ete--mined by
that thexmodynawio stat id *be system whlctz mesr'apnEs fttf
carlist vanishing of the left sice of [IT. with the aging of the
detonation, the wave parameters suffer a discontinuoue change and be-
come determined by that subsequent state of the systems in which eqo
11] is satiutied again.

The experimental evidence on deviations from equilibrium Is
rather inconclusive, except for one instance. The evidence cited by
Zeldovich (2) on the pressure dependence of. detonations in hydrogen-
chlorine mixtures is open to other interpretation, In the light of
subsequent experience in this Laboratory on overdrive and the
diameter effect. the suig-ustion (10) that significant deviations from
equilibrium were obaerved in the hydrogen-oxygen mistures does not
see* tenable. In cyanogen-oxygen mixtures containing excess
cyanogen (3), the observed velocities are appreciably higher than
calculat'ed, hut the-calculations involve simplifying assumptions
about the thwrmodynamic functions of the cyano-en molecule and the
enperim~ntal data are not altogether tructworthy, as was noted at
the' timoe A few velocities measured in lean acetylene-oxygen
mixtures (6) are sianiticantly higher than calculated. The most
striking deviation is that observed in acotylene-oxygen mixtures
containing between 55 and 70% acotylene (6). The velocities of
these mixtures are lovcr and decrease faster with rising acetylene
concentration than is predicted on the basis of calculUtions per-
formed, assuming that the thermodynamically required amount of solid
carbon is formed before the C-J state, is reached. Moreover, the
velocity was observed to increase from 70 to 80% acetylene to values
which are in fair agrecnt with the completo equilibrium calcula&
tions. It was auggested, therefore, that delays in nucleation of
solid carbon particles prevent this reaction from occurring within
the reaction zone leading to the C-J state until, owing to decreasing
temperature and increasing unburned acetylene concentrations the
degree of supersaturation becomes great enough to Insure adequately
'ast pi.icipitation of carbon,

The present paper deals with the :L st two instances of
deviations from complete equilibralion, since they appeared to be
best authenticated by previous work.
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In aomaa4 the equipment and e3Mertiental proeodaresem
similar- to those described previously (s oThe fol-lowing pUnt of
differcne should be noted,

In addition to piezoelectric velocity gages previously
d1beAh]ds also the teniv-StioD p465 CL2I Were used occasionially
MeY appeared to functio at, leset, as welL, a& tUa otebwE

Zn the lIght of previous experience, It was cleir that
emphasis should be placed on tests of stability and constany of
detonatioi velocities, Therefore, seven to eight equidistant gages
(10 - 12 ca apart) were mounted in the experimental sections of each
of the detonation tubes& Only those runs in which at least six of
thez gages gave pips on the CRO record wore used :or velocity calcu-
lations, The velocities were obtained by the mbthod of lctat square.
from the timu intervals between gage signals. The standard deflations
af the velocities so calculated ranged between and 8 m/soe, Once 1n
a great while a gage sigil appeared many microneconds too soon or too
late&. 'h signals w)re not uaed in the calculations, as they Wei

trz.ced to solid dopoits on the gage bodies.,

In the course of these experiments the gas ixving and
storage system underwent several modifications and, because of explo-
sion hazards, was eventually converted to an all-metal system, with
an O-ring seeled piston pump providing for the mixing and the transfer
of gases from stainless steel storage tanks. Aireo oxygon containin
0.5-0.6% argon and 0.0-0.1% nitrogen and standard grado Linde arga
containing 0.4.4 nitrogen were used without further purifiottion,
Acetylene from a Prestolite tank was passed through Dry Ice traps to
eliminate. acetone and other high-boiling impurities. It was then
analyzed mass spectrometrically and found to be 99.8% pure, the
Impurity being very largely methane,

The Rosults and Conclusions

The results obtained fall into two categories,"-tbose dealig
with the lean and those dealing with the rich acotvlue-oxygen mix-
tures, They are considered here in that order.

It has been pointed out by Zeldovich (2) that in branching
chain reactions--and most if not all high temperature oxtdation
re -tions are of this type--the last evert chronologically is the
recombination of. free radical intermediates which are first produced.
in concentrations exceeiing thermodynamic equilibrium. As such
re•.oabinations, because of large enthalpy de-reaae, have positive V"
the sumnation on the left of [i] should vanish only when equilibrium
15 attained, The situation is different when a large excess of an
inert diatomic gas Is added to the system. As it does not participwte
in the reaction chains, the eocitation of its vibrational heat
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erpseity and its dissociation- into-&to=m, might occur largely through."! . randois-processes of- thera enes=X exchsntor, gin"• the- temperatwo •.

Sris$ monotonically to the C0J stata these proc ees igbt be the
last to be coIpleted; having nepative 0' s, they will re.de behind.
t the C-J states according to the Kirkwood-Wood argument. nortunately,
the inclusion of a large molefraction of an inert gas I sads to
instability of detonation waves and)so to failure of e.periments to
test the proposition. But mixtures of a large excess of oxygen with
1 lUttle tety1Qlane anam* alas to 0& above c tdiL• batauwse bn Ulm
= most 61. the oxygen does not take part in the reaction and yet they
support steady detonation waves. The detonations were initiated In
an equimolar acetylene-oxygen mixture, which was separated from the
mixture being studiod by a thin plastic diaphragm. The detonation in
the equimolar mixture ruptured the diaphragm and started a detonation

in the mixture being observed. Vith th.'s technique, it was found
that mixtures containing less than 5% of acetylene gave distinctlyI

inoi-steady waves. No detailed measurements were made on these mix-
tures. The main source of difficulty with other mixtures has been
the overdrive from the initiator compartment. It showcd itself as a
decreasing velocity in the experimental mixtures. To insure against
the results being falsitied on this score, interval velocittce ob-
tained between gages apaced 10-12 cm, apart inmthe experimental.

sections of the tubes were analyzed by the usual statistical proce-
dures for significant trends and only those runs accepted which gave
no evidence thereof. The follo-Ang Table 1 gives an example of an&
acceptable run and of one wherein the wave was overdriven. Further
tests were made by using the initiator mixture at different initial
prossures, so as to vary the shock pressure acting or, the experimen-
tal mixture. As the following Table 2 shows, there exists a range

h of initiator strengths within which the same detonation velocity Is
obtained in the experimental miure, which Is therefore considered
to be the steady velocity.

The magnitude of random errors involved in the present
meas uts in seen from the following. The standard deviation of
measured velocities within 44l pairs of runs made under identical
conditions wasl 4 m/see, The standard deviation within 7 pairs of.]

runs, identical in all respects except that a separately prepared
gas mixture was used tor each of the runs comprising a pairs was
7 =/sec. The 7 ompositions included in this analysis range from the
leanest to the richest studied. Systematic errors due to the time
stAndard used, impurities of gasesp thoir deviations from ideality.,
not allowed for in making up the mixtures. etc. involve together an-
error certainly less than 0.2% in detonation velocity. Altogether,
it would sees that a probabic error of 0.3 to 0.4% in each velocity
determination is a conservative estimite.

Zarlier work from this Laboratory indicated (3,6) that
detonation velocities depend on the tube diameter to. such an extent

"that the extrapolation (3) from the widest diameter used (1O cm) to
the velocity of the itfinita plane wave adds a significant iucremext.

Quite limited measurements suggested also that this correction is
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very oensitive- to the cLmpoSxtlor1 of the mixture, Consider&=&
off ort was- concentrated- tlerefore nw on determining the diameter
effect for variously composed mtures. Figure I shows the results

7- for all thoes mixtures with which exp:riments. wft- mad" I thx. or
four different tubes, The data obtained with the ,zallest (1.3 ca)
tube are of doubtful significance because of experimental imperfjctonu
but they suggiest an only limited validity of the linear relation
between veloc"Ity -and inverse tube diameter, The other data sha
give an extrapolatiou to infinite diamaetez c ahmat I m .
Sreeus well with. Ute privlously determined (6) dtsmeter effectr .
9 m/sec for equimolar aixtures. Hcr'e ert the new data show that
within the experimental error the diameter effect is independent of
composition except possibly for the 75 - 25% mixture. Velocity data
in two tubes of different diameters were obtained for several other
mixtures. They confirm the independence of the diameter effect from
composition shown by Figure 1. The velocities measured by Guenoche
and Hanson 112) were obtained in tubes of ratho- small diameters.
Hence extrapolations to infinite diameter are quite uncertain, but
the magnitude of the correction appears to be even less on the basis
of their data than the 7 =/see suggested above. In any case, it is
certain that this correction i.s almost. within the experimental error
of the present measurements,

To compare the experimental extrapolated velocities with

those calculated by. the thermo-hydrodynamic procedure, It is necessary
to make a correction for gas non-ideality in the C-J state. If the
Schmidt equation (13) is used for this purpose, as seems entirely
legitimate, the correction amounts to ca. -0.15% (0.) and thus just
about cancels the increase in velocity on extrapolating to infinite
diameter. Hence velocities obtained in the 10 cm tube are directly
compared below with theoretical velocities.

The hydrodyma" - velocity calculations or, lean mixtures were
kindly pcrformod by Dr. it. N. Duff of the Los Alamos Laboratory, using
ZI computing machines. Aside fron the uzcrtaintias in the thermo-
d.'namic functions used, all taken from the FMS tables (15) or
extrapolated therefrom to highor temperatures by standard procedures,
the calculations are accutate to better than 0.1% in the composition
and temperature of the C-J state. They were obtained by a method of
successive approximations, analogous to that employed in manual cal-
culations but adapted for machine operation. The following specie
were allowed for: O2. CO., H202 OH., H{J HE 02, 0. The concentra-

tions of carbon vapor, ,.R22 and • are too small to affect the calcu-

lations; the chemical potential of the radical HO2 is not known, but,S by analogy with ozone, it may be safely omittod b.5 of no importance
In equIlibrium cvlculations. In computing the detonation velocities
from th: parameters, of the C-J state, Dr. Duff assumed that the
sound vel..city involved in this calculz'tiou is that corresponding to.
wobile equilihrium. Brinkley and Richardson (I6) concludod, however,
that the velocity corresponding to frozen equilibrium is correct and
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Kirkwood and rood (S) now confIra this deduction. Th acxrespeai;ia

correctlow to Dr.. DVut± a velocities. amounts, however,, to only..
4 5/sec in the- mtura containing 25-%*.etylene and is less in
lea.er UiXtiAYSS ilU therefore1 vare- used wallho• t correct4i..

/oyhe problem of calculating non-equilibrium detonation
velociti has, of courses no ýingle answer because so many alterna.-
tive assumptions may be made and each suffers from artificiality,

At ou' rakuest, Dr. Duff calculated also non-equilibrium velocities

assiifng tut the frsftersgr neve capacity of unreactedr oygvU .
not excited (CC - 5"/2 R but that its degree of dissociation into
&t0ms was the same as if it has the normal chemical potential. This
asumption changed the other equilibria only insofar as it changed

the ¢-J temperature of the reaction products. Rather rough estimates

carried out by us indicate that the supression of oxygen dissociation
should double deviations from equilibrium velocitices, compared with
calculations of Dr. Duff.

In Figure 2 the lower curve shows the equilibrium velocities
thile the upper curve shows velocities with vibrationally non-excited

Eeno. The experimental data are shown by circles, Their position

an the diagram is such as to reject definitely the possibility of nan-

attainment of equilibrium in these mixtures. The earlier results (6)
obtained in this composition range undoubtedly were too high because
af- verdrive, not sufficiently guarded against at.the.time. We also
obtained such high velocities but they invariably showed downward
trends. The earlier results N6J on richer mixtures (with which ours
agree at 25% acetylene) have shown that between 50 to 25% acetylene
there exists perfect agreement between experiments and equilibrium
calculations. Now this agreement has been extended down to 5%
acetylene. This is instructive because in mixtures containing nearly
50% acetylene the major dissociation equilibrium is that of hydrogen.
In the very lean mixtures, on the other hand, the d.ssocintions af
oxygen and water vapor are thermodynamically of greater importahcee
The kinetic mechanisms by which these dissociations.tend to equilib-

rium are undoubtodly different and yet, as the measurements show con-
clusively, they all reach equilibrium in tho C-J state. It might be
noted in this connection that in comparison with the other methods of
studying gaseous equilibria at very high temperatures. the technique
of detonation velocities is extremely preciso. '•hus if the entire
residual discrepancy between the experiments and calculations is
regarded as an experimental error in temperature estimution, the
measurements on these acetylene-oxygen mixtures permit the determina-
tioe of temperatures to better than 1% accuracy in the range from
3000 to 4500' L.

Mixtures of acetylene and oxygen containing excess acetylene
are of interest in two respects. In those containing but a small

esess of. acetylene, the temperature of the C-J state is so high that
unburnnd. acetylone must be substantially dissociated into hydrogan

and gaseous carbon if the heat of sublimation af thu latter is only
iiL Kcal (17). Since the alternate value, l10 Kcal• is not ,s yet
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Present investigation..isa •t s Isteot, ,'e- rinenally .b-
se, ved velca.ty in & alxtcmr ata gft 5• ; • a•tylenv st I atm.
initial pressure (of Figure 1) is 28 • meters, which value should be

: within 10 */sea of the trui velocity of an Wiinite plaml wave in •

•de aes. TIhe c•aloulation of the theoretical walocity was '01

gat"r
dru u b latlm. em as-Peoe mvuza f p.p w.G
was made in the calculsti•ans for the following specleo CZ,, Cu., copC, XvHvngtu detemined.the eqiiru ompos t on, .h
pfesre and temperature of the "-' state, It was found upon their
substitution into the appropriate equiibrium equations that the
concentrations o the following specie weqi too i mll to alter the
results of the calculation, had they been allowed fcrg 0 00

CH ; C Te eqilibiumconcentzations of C2etce..are notKoa
buIfs the awnitions of Glockler (18) are accepted, these carbon

speooi affeot significantly the calculated velocity, by lowerg It ag
few tenths of a percent, only it the heat of abblimation is .l14 Rac•.
Without allowing for them, thig heat of sublimation leads to a oalaL- .

lated velocity of 27r5O0/seo..Wlith the 170 Meal value, the resultIs 28 19 m/aaa. It agetylonw I* astound to be vibrat•lcaiud7 eoxited• ,"

but not diagoolated, the result Is 2830 m/sec. Were It not vibration-
ally vzoltod, the result would be suffioiently higher to be In
significant dismaree=cnt with the experimental figure., Finally,, It
hydrogen left behind when acetylene is oxidioed to carbon monoxide
is also assumed not to be dissociated,. although vibrationally exoited, U
the velocity Is raised to ca. 2900 m/seco. The experimental value isconsistent anI1 with the equilibrium calculation assuming. r10 a"
an the, heat of sublimation and with the non-equilibrium calculatiom

4 which exclgdes the dissociation of acetylene but includes that of
hydrogen. Tho second alternative make., it impossible to assert that
the high heat of sublimation has been proven. fHowever, in the con-
text of tha previously discussed results on lean mixtures, the
supposition that hydrogen is dissociated but acetylene (which plays •
nm• a role similar to that of excess oxygen in lean mixtures) while
"vibrationally excited Is not dissociated is so improbable that
strong evidence for the high heat of sublimation "-a believed to have
been adduced.

With 55% acetylene, the experimental velocity fis 2743 m/sec -
while the equilibrium cplculation, with 170 Kcal as the heat of
sublimation, gives 27•3l /-sec. "

Our early experimenta with these and richer acetylene-
oxygen mixtures sufferod from considerable lack of reproducibility.,
a fact noted also by other investigator.s The cause was eventually
traced to loose carbon black which remained ins the tube from run to
run, was stirred into the fresh admitted gaes', and. alowed down the
detonation wave by the inertia of carbon particles. After the pro-
chdur- was adopted of removing all loose tarbon before each rta
"entirely cons•stent data were obtained up to 80% acetylene. At
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In Figure 3 are shown the results an rich acetylene-_
."ygen mixtures, 6btainod at I Atm. inItial pressure in tubes of
10 Cm diameter. Within the experimental error, the velocities
shown in Figure 3 are identical with extrapolated and corrected

w~ttm. Efai me V it fn n ftgurs a mrvt~
calanlated velocities, the first for the homogenous equilibrium not
hvolving solid carbam:,, the other for complete equilibrium, Had the
heat of sublimation at carbon been assumed to be 11 Ncal, the
calculated velocity cox wo md hxve started at the same value as
curve A for the equinalar mixture. dropped about 70 U/se., lower than

* the curve shown for the mixture containin 33% acotylene, and then
drawa closer aga:in to become experimentally indiutinguishable from
It uen amore than 00 acetylene is present.

In the composition range of 50 to 71% acetylene, the
erimental pOints Ile quite close to the calculated curve A.

The devlatiisa are Undoubtedly within the comb•ied experimental -n

calcalational errors because In richer 'mixtures, in which the C-%"
tecperature L.. low and =wh unoxidized acetylene is present, the
calculations which allow only for its dissociations into the c

Sredicals and into % + 2 C (both of which are then entirely
--'insigni icant) became rather inadequate in view of other possible

coartituents of howagenous equilibrium tQ~, 4J, C0!4 ), H2 0o,. etc) and
* I oMf rtaintles in the thermodynamic functions of acetylene.
P16=6 3 shows that at 71% acetylene a discontinuous rise in velocity
is QbzerVe. This we shall consider in some detail later. Above
71% acetylene the experimental points are far from curve A, but
still do not fsal an anrc Be. This discrepancy, however, is not -a
convincing evidence that complete equilibrium is nct established in
the C-J state. Firstly, the calculations, as noted above, are quite
uncertain in this region. Secondly. the calculations assume that
graphite is the solid product* Actually formed is extremely finely
divided active carbon, whose chemical potential is probably well
above that of graphite, so that less energy is released for wave
propagation by its formation, as was noted already in the earlier
pUblication (6L).

Figure % shows the interval (gage to gag-.) velocities for
mxtures containing cloge to 71% acetylene. Each point is the
average of two or more runs. With 70% acetylene a normal velocity
is observed all along the tube. The initial velocity with 71% 1i
lower (and hence close to curve A of Figure 3), but some distance
down the tube the velocity undergoes a nearly discontlzuCAis change,
followed by a more gradual rise. With 72% acetylene only the high
velocity is obs-arved. There appears to be a substantial upwardtrend in velocity which is statistically Just aignulicant. The aameC is true of the upward trend observ-ed with the 75% acetylene mixture.
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Figure 3 Observed and calculated dtontion velocities in rich K
acetylone-oxygeon mixtures. Circiest averages of cxperl-
mental data except f or velocities at 50%#0 and 60%
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equilibriw, only, Uper curve includes solid carbon aronZ
reaction products,
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TWO. Abe- T* U9g steedly v~eocit es in these mixtures pr- probably
bighm- tban- shot* I& Picam 3. ind Ito theref ore closer- ta: -th
theoretical cUV%%

V. believ, that tbwe observations represen the first
eaMr1entsl ezaniftat ion of the situation envipsged by Doering andI

Amoreprecleelt by Kirkwood and Wood, that equation (i] Is satisfied
for two cmsa~cut lye states at the system., with an intervening period
of sex~tla" Velmma. Of- the sottna twaxet, am QGA aft
function 611 it go negat lye 1 after the homogenous equ librtdm bee-
beon establinhed, because air wergy losses to the walls.' This Is
suggested by the observed diference in the behavior of the waves
In the 5 ane 2.j ca tubes. Ita the latter the. transition to high

velocities occurs much fartb from the point of Initiation than In

In accord 'with Daurtag's Pgneral concept, we belleve thata
the eandensation of carbon stwts a substantial distance behind the
shock front because of delays In nucleation~and so it occurs in the
raref action wave following the homogenous reactions An the rare-
faction wave come l28 st I 'wift the progressot the wave, down the .
tube (20), the energy releasot Is the carbon eanclensation reactiont
develops a finite pressure wave,, which in able to advance toward the
Cm.? state because at Its locally supersonic velocity,, At some'
Instant It reaches the C-.? stateand from this time on the energy
released by the carbon preci~pitation combences to contribute to the

wave propagation because, vIth~ the entire region from the primary 2
shonk to the oirtbon precipitation zone, the gas io now moving with
*subsonic velocity relative to the shock f font.* If the now stat1.ona-vg
state In established Instantly, the chAnge in the detonation velocity
should be discontlimou ; buxt the observed upward trends after the
initial rapid change suggests that the transition takes some time.
In fact,, the velocity trends nted in the T2% and "5 biXture mya

& be due to similar transitionis having taken place too near the
diaphracm, to be observed., On the other haud, had we had avalblee
very long tubes, we might have observed, much farther from the

diaphragm, transitions In lieavr mixtures.

When the transit ice to the new C-J? plane has been completed I
and the wave has again attaind a stationary character, the structure
at its steady state region ina probably as follow.. Behind the shock
front there is a zone of oxidation reactions (von Neumann spike),7

* probably Of quite short duration. Thereupon follows a region of
substantially constant pressure, in which no rapid reactione take
Place$ finally comes the region of carbon precipitation from
residual acetylene with a further drop of pressure, ending In the .
C-,. state. Such structure would be quite analogous to that reported
&tecently for non-spinnin detonation waves in pure acetylene by

*Duff, Kight and Wright (),e~ccept that there the initial reactiolL

sane In absent because of 1a* of oxygen. V
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"Mt 1112uc =w of -the second reaction- zaet an* its mon.-
reatm orthw f Otof t0e etonation wave dhoal* be cot evabls-

z hotence -with- a meui. camera are, am underway to demotitrate, 1tff*
It remains to deciese~prmnswihare perhaps

"MOMn~itat with the interpretation advance" above am U&"
MemtIWO p.t V'~ft*=Vs of acetylene an&? Ca saI&

BpwionWs y described 43.riments, but adds some argon., the effect-
shotild be first of an1 & lowu Ing of tempftratre in the "- state
and therefore an increase in the degree of s'upersatun'ation Vith
respect to solid agbon, Thsereore, We expected. that in suh triple
mixtures the transition to higher velocities would occur at sub".
Oteintially lower acetylenesoxygen ratios* Upon adding 114 = Argonto I Atm. of acetylene-oxygen mixtures., the d~wsc, Ip.snou transitionf
was indeed -observed with the acetyleno-*Xygen ratio wakying froM69M3 to 71:29. -But the addition of 1.90 Mmof argon di4 not ghift
the transition to @till later acetylene concentrations. Te
43Meia ts Weze not very reproducible and. are inconcauSiVe. &W
@aneGM inves19tigatio n, l Und442'Wy 1 may provide better infor~atcil
Mn the intftlal strUCtUze of these co-CIpleX detonAtion "aVs a MAd

PerBAP@ serve aSO A technique for a quantitative study of the kinetics
Of condensation of carbon,

It is a pleasure to acknowledge the support of this research
by the Office Of N(aval RIesearch under Contract N5ori-076, T.O. XX
NR-453-94*, with Harvard Uniiveruity..
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LAA afor Whog tMadDw e ofintio Obeerm"an the shucu"Or th lenGth

tube available, the detenationo did not settle devam to a snteady state

shock frort within 2-3 11qo The experiment Indicates that the reta-
tion -enow is loes than 10 oielsons thick* A crd theoretical on..
timate of the reaction zoen thicknses of loo00460 collision in mame
Possible obain initiating atep@ are also considerede.
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Gmlterdow aVA Team

The v. Naetnn they,- or-detanatew (1)W s*es- that theV 7  / front consists of a shock wave vhich co esses, and beats the unburwnd
gair thereby Initlating oembustion. and a reaetim send In vh~ch tbhe
tomporatwe rises and the density falas as the coabuation- prgoeef.
The plane behind the reaction sene whero the high temperature equlIb-
rium essentially obtain Is called tUm Chaymn-Jouget (CJ) plan f'
an ordinary detonation.

/ .'

The experiment described heralm in axL attetxp. to ebserve the
thti aof the eaction zone fsr a detonation in a hydrogen-oygen
gas 8ixtwo in a glass tube. It has buem successful only in establish-
I/g an upper limit for the thickness of this zone umder certain special
conditions. Kiatiakowvky (2) has observed the density profile for a
detonation in a mixture of oxygen, acetylene, and atbthyl bromide, pMo-
sumably at .1 atm. Initial pressure, IV x-ra7 absorption, and reports
that in this systea the reactioa isa I less than I in thicks

The basic Idea of the wrpezrimt is to observe a detonatilea
In a HaR-O mixture contalning a snell amount of -2. Light absorption
provides information about the ceentrat1ci of iodine and therefore
about the shook front. This can be oempared with the position of the
conbustion sawr as manifested by light emission by the reactig mix-

The experiment vas carried out in a shock tube, and sons of
' its featurs W be described 1 reference to figure Ia. When the raza-

bran brees the expansion of the high pressure gang hydrogen, int
the lU pressure reaction mixture results in a strong shock wave which
Initiates cmbuction. e call, the resating, dotenation a supported
dotonation bccauce the "push" br the hig pressure driving gas pre-
vents the formation of a rareftction wave behind the CJ plane, as is
charac 'risatic of an ordirary detonation. For the actual preess
ration uBedg the detonation in sc dm~at stronger than in a free deto-
nation. This subject is discussed in detail below*

The shock tube and omw general techniques have been de-
acribed previously (3). The driving section is a 180 cm longth of
15 c= diamster steel pipe. The shock wave section is a 140 ca length
ef 15 cm aluminn pipe and a 150 cm length of 15 cm Pyrex ,Ape. .el-
lulore acetate wmbranes are clamped betwemn thb steel and alwLxu
sections. The shock wave chamber could be evacuated to 0.5 P pros-
rwe and degassed or lcrke at a rate less thau 0.1 ] min.-'1 Tank

hydrogen am oxygen (Linde) uere passed over Drierit% and through
flow-meters, mixed, and then passed through the pressure reduoinl,
iodine saturating system described previously (3We After the tube

( was flled, a smnple of the mixture uas withdrawn into a one liter
bulb and ignited by a hot platinum wuire. The Jater produced was
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;inning of detonation for a. free detonation (b); a suppor-ted. detonaticu 0
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in (c) and (d) indicate the contact surface between exrendeds, cold
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Gtlkerson and Vameafts

taks& up by "'ie. t Drne the pressure before and arter cembu~ti"N
the ratiat ofxy'gen to hydrogens , (toAba II) 'i.# computed. Thi& anal..•
74*U was reproducible and acomwate to- ,0-.6%

ae symbol* to 1* wod 1x.4&s diufew-luho azrv "
- m Ptelecular velight of' eted gang I - volume per g grams" of

galg, i a enthall• per M gramW a shock velocity, Sf a velocity of' a
free detonaticen calculated using the Chapman-Jouget condition, y =
mterial velcAity of gas in laboratory system. Subscripts I and 2 re-
fer to unshoaked and shocked gas at chemical equilibrium respectively.

As Is vell known, the PV behavior of a fluid subject to
shook compressien in defined by the Ranidne-Rugonlot (RH) eqnatioz,
(L - Z). _VI) = 2(,- ]u,). This with the perfect gas law and 'the
thermodynamic condition for chelical equilibrium between the varieus
components cun be used to define th ehavicr of a detonating mixture,
and the RN curve so calculated te' 501 :5•0% at an Izitial presse
of 0.035 atm. is illustrated in Fig. e Useful nmerical results are

ven in Table 1. The velocity of ary particular shock in S* a Via
-Z )/(, - L). The tangent illustrated in Fig. 2 defines the

slowest shock possible for the mixture provided it reacts to chemical
equ..librivo. We refer to this wave as a free detonation; the gas at
the C J l a has a zaterial velocity I and a tempurature such that

a - - (Pa - P /S (v, - /a "

is the local sound velocity. For a shock proceeding to point L of
Fig. 2, the velocity is greater than that for a free detonations, the
temperature Is higher, and I - z1 is locally subsonic. For. a shock
proeeedinz to point B, the velocity a is greater thae that for a free
detonation, the temperature in lower, and Q - I is supersonice

Fig. lbced illustrates pressure profiles for several pos-
s ible experiments. Fig. lb is for a free detonation originating at
the closed end of a tube. A rarefaction originates at the same end
and follows tte detenation. In a shock tubs configuration with a auf-
ficiently i-rge bursting prassure ratio, the pressure profile will be
that of Fig. Ic. The push by the driving gas ie sufficient to sup-
press the rarefaction and give a step function b.iape to the pressure
wave. If the bursting pressure ratio is insufficient for the expand-
in gas from the driving chamber to reach the velocity I at the, pres-
sure P which obtains at the CJ plane for a supported detonation, then
the situation is as depicted in Fig. id. There i a rarefaction be-
hind the detonation front and the 'velocity of the front is the same as
that for a free detenatien.
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The equation -rjt C.th* Y&eleoit (y4. and pressure (L)ef
the gat frm the driving. chmab expif from the, pressre i• '
the initial velocity of noun& be ,Is ,5

6 - 1

1 yratebftn V4 azzd P4 to vz and t~rvm neeik isea1 qs . 0 A

pressure graph imn Fg.~ . is obtaided. Usm vp~e arm ofth -e
the predicted steady state detonatien velocity as a function of burst-
ing preaeure for an ideal shock tube, The lover dotted arm of the
cruvo repreaents cemputed velocities,efor a transition to the dotted
arm of the RH curve, Fig. 2. Gas on thia arm of the S curve Is in an
unstable condition in that the velocity S - . is supersanic and a
-shock transition to the upper arm of the Ro curve is possible. The
transition to the dotted arm of the curve is impossible in the vs meu.

ann, description of a detonation in which cembustion is preceded t a
shock vaves It is conceivable if the combustion is initiated by the
diffusion of free radicals ahead of the shock zone and takes place in
the few mean free paths that constitute the shock zone. Very high
Velocities for rather oev burstin• preasure& ame pasaibla for thl.s by-
pothetioal case.

The computed free detcnation velocity for 50%Ha:5O,0O at
0.035 atm. is 2.20 x 10 an/soe. The velocity at an initial pressure
of 1 atm. is 2.33 x 105 c/secelI at the lover preuaur, mom r ntbalyq
is absorbed in osebociation pr]oe•sese

The exp*.t~sal resmlts are uct raitable for quantitative
cmparison with ig. 3. It should be remarked hewever that the effect
of a small amount of iodine on the calculated curve would be quite
Meillo

K5 fL1RES 8 MD DISCUSSION

Successful detonations occurred with bursting pressure ratios
of 87 or greater, but did not occur with bursting pressure ratios (B)
below 80. The theoretical B to just support a free detonation Is 35p
and shock tube experience indicateo that a pressure ... 10% higher
might actually be required* Presaiably the failure to obtain deto-
nations at low B is because the shock vave resulting vhen th. men-
brane breaks is too weak to initiate combuatio*. The calculated teo-
perature for B - 85 for a pure shock tube experimnt with no cembus-
tioe is fl4O. It may be recalled that Fay (4) observed the aurpris-
ingly Ul shock ignition temparature for stoichiometric Ea :Oa of
400*. It is not possible to say which of the mrar differences be-
tweon the two experiments is responsible for the striking difference
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Fig* 3 The burating preaau~re ratio, p, vc. velocityp, , cm saeo1;
~,Calcul~ated for the solid arm of the zAH curve, Fig. 2; -

calculatod for the dotted (unetable) armn Qf the IiH curve, Fig. 21 00
xerimental pointe, stations 1-3p Tabls e1..
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I i,.l sults. Oner. tortat•. posaibi ity Is that iodine added in O
-;rIes I la ibiti Iglistem.

4 2t le the, general belief t~ia, it. is dif ficiUt ter =4 fnz
stable free detonations at low pressures, Mooradian mid Cr (-
report stable ftr detonation. initiated by shock wa-es in a 1" pipe
for an Initial. p•essure of 0.125 atm. They also repozt stable doto-
nations in 1:10 Dag jtarrgn at I atm. prossure. The low pressu• r
(Q.y ONsate I inttiie iuw> 4.tmntiin wAcb.'A har. "a v~esmnh2l
Cas to the fact that the det•nsatione were supportod, and iWoeed ovez%.
drlen, so that quenching by the rarefaction wave in abeent, and due
to the roge tube diameter, which deemphasises attenuation b7 the

Yhotoeloetwio waasurements were obtained at three stations.24 on (It, 'tube diLamatera)v 2609 and 280 an fru 'the ame.ans o+ Obee&%e :

vations were mde with light beaw defined by 2.5 em by 1 slits e
The collimation was muach that for perfect &ligament of the slits and
tube, a 3 ,m length of the tube was obaer'ved by the photomultipltim
"for light absorption, and a 5 mlngth 'for light emlusion, A signul
due to absorption of blue geren light at stauion 1 was used for Qtig-geI Us osaonUeope swo. , ,,o1 Light Wwsorpt i o
mde at station two with Wlu green 14t ftr a proj•tion la Pa l po-

aed through an interference filter with a x&;%uma at M8 andahalf',idth of 8 z, , and a transmis•ion of the order -of 3S
through the rest of the spectre. In ace• experiments a abarp c,"
Co ,r"i filter (No. 3385) PAquS for waveleG'ths lss than 4MN ,
aso" usiedeo I •4uthI 'this cut~of'f fiter was ectted and the
emission tv the g~oton which in prinoip&W~ blue light, wes @V.

* imposed an the light absorption changes. Light output, of blue 11*%
Qorning filter So. 5562) was observed at stat4on 3. Tint•• e "ovals
between, the several •tations were measured ca'to on illosoope trames
U two rnis, "th tim inteival between the first and third stati
was also srwred with a Potter 1.6 XsgaqoU Omter Chronopraph.

Table 11 abhow quantitative data for most of the ep.eI-•meWR.

The pboteeleotric iga s of tran•'•iion of bU glu een ligh (nee.
at station 2 show that (a) for typical experiment.i there is so obI

served compression of the iodine, buat that it disappears direat3r at
the shock frnt,; (b) the light output of the detonation Is coincident
viththe shock frontithin hhe rise ti•n of either lpal (2-3 -
gseo.). The calculated shook temperature@ before cusbustion Z,
Table U1) are sufficiently high so. that the thermal dissociation of
iodine (3) Is sufficiently fast to accoat for (a), without invokin!
an increased rate of removal of iodine by the comn san process i r
by an izcreased rate of thermal dissociation due to combustion*

* 0ae-vaition (b) ts, we believe, the moot Important result of
this investigation. The reaction sone is loss than 2 - 3 losoe or A-4
6 me thick.
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4a, 2ap 9a are principally light absorption records at station 2 f•@
expts, 4, 2p 9 of" Table IIl A, increase (or decrease (9a)) of 1g
upon paspare of the shnck front. B, timi pulse from trigger cir-
cuit uhen shock passea station 3. The sawxgee are cathode glou on
the CRO screen and a-a not sigificant. The swall lps are 10 usoe
timing markers, The smooth horizontal traces are either voltage call-
bratione or the cm rulines on the CA0 screen. In As, the light filter
was the 487 mu interfepence filter plus tbh 3385 Corning cut-ca fil-

ter. The ihcrease in light at the shock front in 1.7 times that wt-
pected for complete dissociation of the I,% the additional amotnt be-
ing due to light emission* In 2a, the cut-off filter was coittedl

N permitting more transmission of blue lgLht* The increase in trans-
mission in 3.7 times that expected for complete dissociation of the I,1.
4 e; 2e, 9e are light ezL•asion records at station 3 through a Cornlng
5562 blue filter (60-500 m)o. The alit gemetry at the two statimu
was about the sazne, but the photoeloctric aensitivity a station 3
h was adjusted to be 1/120 that at station 2.
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'UM II
Obeawmd Velooities at Suyporkld Detoziat, -v

aprma 88 To ezp(-1?,OQOM) L

1 li 2043 2050 2060 009M

F2 120.5 2.55 2.69 2230 3/54 -00M1

SI . 3 I20 2.52 2071 00909

4 98.4 2.54 2.7k

5 98.0 2075 3,s6 09

6 96.7 2.91 2.69 2600 I/U 0.993

'-. 914 3.07 3.056 0996

*9 87.5 3A5 3.71 09M

*burstlii prevsurs ratio; &tj m ~oalt~y between sftatlons
and1J Tg a computod tenpcwvtur behWn Mhock for v.1ooit4y 349

*aguingno cobzustiompandtatbL Cy 7/2 NL' male*ratio a

03 to us
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G~B. Kistinkows)7s, whils, refereeing thi vanueetipbs, han
vey eneously transmitted the foll'owing comiicatioa to- us. ¶sieg

the 1-m.y abacaption teahuique, we have now obser've& reaction mson@
(a' e a~ t bighb LAUIia d2aty) In 2H2-0,1 mixtures at preeemre-

from 85 to 20 us (with samw I& added to increase X-ray absorption)*,
The waves were not overd~riven but steady and of normal velocityl the

durtio ofthe reaction In=a varies from acouple of microseconds at

the wdthend o'tihe. Theene reolt pediat thatvte soehwedce ath

passage of the eaotion son at the pressure used by-us would be U1
1scfor a free detcoation.s The appr~oximate calculations presented

Tarheron Ini the present pepsi' predict a difference of a factor of
abu ha ewe a fred tonto ndteoedriven deto nations

diffrsom ae minently rmbonablee
sow M, MWM .0. M M do- - - -W .0 M -as " -

The 2gtmissions as obsererod at station 3s consists pain-
*cipafl~yof bloc1ightmand Is a stop !"untion oftime 9 Thereinsno

build-up of the l""inos~ty nor In there a peak due to chemiluminsa-
am"oefa the reaction, smes

Fig. 4c Is an atypical record that was obtained only once.
Os ses compression of the Iodine followed by a long delay with very
little dissociation (temparature below 12000KI) followed by a detona-
tion front which Is luminous and where the Iodine rapid1 disappears.
We beUleve that this In due to delayed ienition of the gas behind the

F ~shock# so that the pure shook (no com'bustion) has reached the second
light station before the detonation catches up with and merge with
the shock. (The recorded velocities for this experiment are not uig..

* ~nitIcant because of =coertainties as to the optical signal at station
I which trigg~red the various timing cirouitse)

In typical experiments Table II shows that the shocks are
acceleratilng as tt~.y proceed downstream; although for pure shock
waves, the velocities are quite steady (3). Furtheriiorep thw v.l-
ocities are much higher than the theoretically expected value. MUn-
usuaELy high unsteady velocities at the inception of detonation are

* c~om ly observed (6s"?). Probably in all of our expaiments, camp-
bustion did not be'rin immediately when the mwbrane broke, but was deom
layed until the L 3k* proragated some distance downstreame W~hen com-p
bustion starts, an unsteady very fast ietonation moves up and mergea
with the shock* A longer tube than was available for the present
investigation woul~d be required in order for the steady state behav-

(. icr of the system to be established.
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i AWun? that; th& average no. of collislonr per s. pees,4" lsouIw.st rocs .seapattwuw at I atmun pressure in 10t°, an £f aE r
compression factor of .3.5 tow the reaction zone to the CJ planep s&ud
an averagae u m tt g. 2aW0, the obeevwtion that the reactlon
zone is less than 5 m thick mewa that the reaction is complete .inlong than 9 x 103 collisions., Without attemptixg a coplte solu tion

of the f2a= equations (8), it is possibI-%€ t ake a rough estivate,
of the tim for complete combustion an follows.

ANUMUWd W t h to• rmation eaa•:she~me ,

(koa)

Ho a in M4 0 17.0

At the temperature of a detonation, the conventional low temperature

cha:'n breaking stelps H 4 0& . H0,ina not of reati ort4mnoe
beca ise of the Instability of .ZO Three body chain terminatioa,
like B++ K - H+M havek's of the ordw (3) olOf1s
ato= " cc s ee' een it all of the gas were disaocijted into atomaor radicalog their concentration vouMl be gmo0 2 x 10p con 9 wad the
half t~me for recombination of the order of 1032A/4 x 1036 ) 0 2,5 x "'

20"5 ace. or 2.5 2 10 collisions and this type of termination wouldnot affct the reaction kinetics very much* j
* •eaction (1) in probably the slow step in the divergent

chain, Unm can therefore treat M and 0 as intermediateas ptent
at low cencentration to which the oteady state approximation applies
and conviier the time rate of dhanga of the hydrogen atnm aon atra-
tion. The resulting equation ia • / j.(0O), and the solution
for constant II(0a ) in (H) - (H) 0  ' * O. ih chain cyele cre-
&tes two H atoms and two HCH molecuale. In the final mixture, thereare •. 1018 molecules/co. It (H) 0 - 1 at om/ca, the time required

for complete reaction is 18 x 2.3/(2;1(0N)) " 20 chain cycles*

Ba ldwin and Walsh (9) have argued that at 520Ck, k 1014atom-I cc seoon although Lewin azd Von Elbe (10) rca~nd k, o 0
10"17.,-:•

The value 10"0 equated to PZ exp (-17,000/Rr) gives Z ap-.
proxiaratay unity* Referring to the initial temperature of the
shocked gaa (Table II), the Boltzman factor for I, at 20600 is
1/62, at 27000 it ia 1/229 and at the equilibrium tomperature of ag.

17 34000 it is 1/10. At 1580' the temperature of the shocked, uncon-
busted gas in a free detonations the Boltzmann factor in 1200. The
initial rate of the reaction winl always be the aloaset arid we mW
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Gilkeras.= End, Davidsm..

0itate. thersfoo a, thi•kness of th- r of the order of

2* 0x 20 or4000 collisions wth 0. molecules for a free detonala-
" and 20 x W 0a 2:M -coallt for sam of the supported detonatina

of' Table Ire These ettmzate ame cansistent with the eqxprimm*4l
observation that the reaction sone is n less than 104 total collisions
thick* If Pp the sterio factor for-rea-tio (1) vera 0.01 or Iess,
thb reaction zone would probab2y be thick e."mgh to be observed in
oew eszperimnte nideed, the arguments presented above indicate that

SW'a &Krasau by a fktotr of' tan In the number cC adUh2mw tv Wu rv-
8soaved. acal be achleved, the structure of the rsaetion tons couN be

iobserved, at leapt acarsely.I The act•vaion emnerg of 17 kcal for the rate determining
stop (1) means that this reaction occu& at only a small fraction
of the pertinent colUisions even at S.• 20000K and exoludes the

* ~�pcilbfility mentloned previously of the reaction occurring ahead of
* the shock wave leading to a transition to the Icoer asm of the iHS

It is of interest to make scom qually orude calculations
about the cbaln Initiating step. Asusm that it in 1 * 0j , 2wM.
Us ing the a duate rule for reactions of this type that the aatt-
vation energy in the exotbermic direction is 0.25 times the a= of
the boed ezorgies , w - Dos - (/2)DOR a 70 kIcae. Aisamimg
a stenic factor of 0.1 and a rate constant 1011 exp (-7O,OO</k')

ac"cc seen and I ) : (N ) = 1018 9 the imitijl rate Of Lrducticiof CO radicalsIn 10 ccO I soo n '-it 20000 and 10" co•l sas I at

15800 in each case the rate In 4l ito initiate the divergent chains

The relative Importance of chin initiation by diffusion at
radicals into unreacted gas ray to estimated as folloes. let I be
the thic ass of thp reaction zone and U the concentration of H
"atams (the most diffusible species) at equilibrium, and P. their dif-
N-lan coefficient. In a system of coordinates sitting on the shock
vave, the number of H atoms diffusing upstream across any plane Inte
unreacted gas in D ae/£- The volume of gas flowing across the same
plan is •(V2/j,)p -I/L is the compression factor) so that the vol..

-u rate of production of H atoms by diffusion is (D. co S)
For D 1 5 Ce seo tl which is reanonable for cur expeý?mnts j.0go

ate/m/cc0am A a 0'• • cm, this is 0101 atom cc'" see -_, it 0"I . 10j

less than the estimated rate of initiation by chemical reaction.
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T This paper is a report of axperilmnts concerning the validity
of fte Cumal.njouguet theory (1,2,3,94,5,6) in the case of mixtures of
cyanoen, axcyen, and nitrogen. There are severul reports in the
literature of aier," exper ts (6,7), but due to experlmntal
and ]lack of sufficient calculated results in most of them,, the Only

effective inveotliation of tha experimental and theoretica4 problems
"i"nolvy is thaut of Kistiakowaky, Knight, and 1n (0l1) (7). The
!3thod8 uced here are essentially the sam as those used by 1Q01, but
those experlynts cover a wider rnnge of ca:positiona and the calcula.

* ~~tion.. ame oo2iderably more extensive than theirs.

The detoamtion velocities have been tsure4 in tubes of two&
three, and four in. i.d. for gaseous mixtures of cynnoee and oxyen
in the comosition rsn.e ý0 to 5 mole % cyanogen and for a gaseous
mixture of cyanogenczywen, ard nitroaen of coa-)osition 40 mole 5
cyanornn, 40 m=le % oxygen, and 20 mole % nitrcCen. The results for
mixtures of greater than 50 mole % cyanogen were not reproducible and
are not further discussed in this paper.

Thece experi=ntal results are c.rcd vb+a Chapm3n-Jouguet
values eoryuted on an International Business W-Nchines Type-701 digital

computer for which the problem vas coded by one of t.authors (RGT)
usinlg staudar• methods developed at this Laborator-

aWX L DLWA•AIs

A. Preparation of Mixtu-re

-• "•Oxye and nitrogen were obtained from coxcrcia1 cylinders after
passage through Drierite to remove water. Mass spectrov'etric analyses
of the dried gases were =de and the results were used to determine thelie. _ses

.. .. . .. .-.; - , .-.1, -



MUM

Peek an-Tba

f na ztue-copo-iia.Typical analytica.&. results are as, foallow..

o entank -990.a mole 5 02j, 0. 2 h~ole f A; Witropit tank - 99-07-mole

Cyaoge vn-peraedby the reaction of Cu" with Wi in
concntrtedaquoussoltio-atabout 5OeC and 0.5 atm. I The gaseous

condense sawm of the water vapor, them through a silver nitrate bubbler

to remvw.-W* hrag a seednTd Ot*' trap to remo~ xore watera1 andL.
tilw.y through a three-ft. long column of Drierito- to remove the rest
of the water before being co'ndensed in a vessel at liquid nitrogen-
temperature,. The crude product was twice distilled and collected at
dry-ice temperature prior to the final distillation and collection at,
liquid nitrogen temperature in a metal storage vessel equipped with'

high-pressure, vacuum-tight valve and. pressure gauge. Periodic =as
apectrom~tric anal3yses indicated run-to-rum purities of 99.8 to 99.9
oft water. The water was removed prior to mking a mixture by passag
through a Drierite columni. No attempt was made to remove the am"i

- 9 amount of BCZ Present. The effects of this impurity are discus"&d

below.I
of valxeti and copper -i-AbIng which connected together a vessel of
conStCnt but uanknown voluaa; a Constant-displacement,, variable-speed.,
r*-cIProCtizG Pu=P; an a Wrerury capillary mnozater. In preparing a
Mitue cranogen was wdmitted to the mixing vessel of volume V unwtil
prssr ?A was rechd Than by r_=puJla-ton ofappropri~ate ;"S.vs
~Cygen was admitted to a Pressure PA+B und conditions tha~t insured no

*Was added In a similar ==nnIr. AUl pressures were determined to + 0.05
M ft h by catbetomater reedinga of the capillary canomatetr. When alU

the gases bad been admitted, the mizins pp was turned on sud the
gaaes were mixed by circulation throu~h a closed loop.

The c~mPosition of the mixture was determined by solving the
three components: AC*n(T AA 1

and
PA+BVC - nA+B(IRT +~ BA+?PA+B)s,()

where nA Is the number of =oles of cyanogen in the volume VCat
pressure PA an~d taweature T, nA+B is the total =oles of gas admitted
to the system at pressure PA+B, an BAr* an A+B are isecond vfrialj ~coet.~icients approjpriata to cya.nomen ard the cyanogen-oxygen mixturej,
respectively. Tha condition of no =3s~ flow out of the system when
introducirg the gases m~ans that nA, + L- -A3 aut note that
?A + PB PA+B; i.e., this Is the ef'fect of gaseous imperfection of
corrected for the deviations from 100% purity accozrding to the smea

~ ~ ~ A nd ~ ea toE~e racios hic ae1h4

_N Sif~n2' -ý42"
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in all, of this wor)( the va1lte for B A+Bvr acz
*-td fm " ta compiled by Hi schfel•r', ax,

3 B. Detomtiua Tubes, Velocity Me&surement, and Znitiatom-u

Dt.tt..±.1,o-at12-Ma ofQ 2, and 4.00 in. i.d. (+ 0.01L JA.)
weeconstructed frog steel. tubiS of at IX n.-. vaLr. thfrmeuf. It

tubes consisted of two flanged sections bolted togetber and mad
vacumn-tight by using Neoprene "0" rings * The Initiator vas locatedL
at one end aif a 3-1/2 ft-long section and the other 3 ft-lanKg section
was use"d as the velocity measuring section. The detonation tubes could
be evac•,ted and filled by means of copper tubing and apte
valves attached at the initiator end. The tubes were filled by means
of the puicy used In .akinn the gas mixture. The final pressure was
adjusted by manipulation of appropriate valves, the pressure being
determined by cathetometer reading of the capillary man=ter.

The detonatinn tubes were located in a building equipped with
• et.'iff and ventilation. rontrols such that the tube tec ,xtures were

maintanod within two or three degrees of 25*C. The tim between shotff
in an given tube was always of sufficient duration to allow the tubes

to cool to ambient tepe-ature.

The detonation velocities were meanured by ionization paups
and associated electronic equipmnt similar to that described in detail

¥y ICnight arA Tuff. l06 A gauge consists of two copper wires, 0.020 in.
i.d., inserted into a Teflon plug at a separation of 0.125 in., so that
the ends of the wires are flush with the end of the plug. Mhw Teflon
plug were achined and drilled, using an appropriate jig to enure
constawt pylug "mensions and location of gauge wires.

The gauges, seven per tube& were first zounted in modifiled
Amphenol connectors having an appropriate tongue which fLxbl the
orientation of the Teflon plug in the connector. The mutled afuges
wore inserted into holes in the wall of the measuring section of the
tube; the . uges were flush with the inner tube wall and were m=de
vacuum-tight by the use -if "0" rings. The gauve-locatina holes were
carefully =achined to ensure a snug fit of the plugs. The great care
taken in zachining the gauges, inserting the wires, and locating the
gauge holeu results in a very sll error in the detexmination of gavge
distances. As a result of several measurements using a micrometer and
standard dowel pins, the gauae distances are known to + 0.0003 in. The
gauge distances were checked fron time to time as the Tubes were used
in =ling shots.

Across each gauge there is a potential difference of about
200 v vlhich charges a condenser in each gauge circuit; thi8 cornen sr
discharges as the detonation wave passes the gauge. The signal from
the gauge nearest the initiating end is used to trigger a Raster-type
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scope wre photogpapleally recorded onKodRIC Single Coated X Ry
vhft'h Is processed accor41~ttO tb§ MIn~iftctur 's recoennatiow.-
The time at which gaiuges wfired" are detexuined by reading Uhse
records. The average detonation velocity is theni computed as the slop

of he eat suaes trigt lieavoptk ~ erag ae poionts

diamther vle city sreqired. lio e tcomp imvil the tim eoitane oin~ts au.

This Is done by ynking a le st qmrees traight line- calculati=of jh
velocity as a fvnction. of the reciprocal of the tube diameter,

K The probable error In the average detonation velocity for any
shot vas eas determined from the results of the least squares
calculation.W ~.~.Xf this probable erra' axceeded five or six M~/600,
the shot vas, repeated, using a different initiator. It v.an foima, in.
this way, that the nearly equimolar cys noem rygen mirtures werepadequately initiated by a sanaf exploding wire. As the initial cyanogen
concentration decreased, it was necessary to use s~mll amunts of PEWUS
MA~ for tha veakest shots, incl11d4A3 the mIxture with added. nitrognj, S

It was necessary to add 8 few grams of tetryl,~L

oxgnmxue.Table I containzs the results Otie for U= ixtm'en
M =mxue* Table 33 contains the results otie for the cynexen.

taslope oftela quares straC~ght liethroua~h atsmdtncpoints. In cca:utin5 the Infinite-dic~ter veJlocities for one at&
initial pressure, an showm in Table III, sa=" variatibons In initial
pressure and cozZpoaition bve been Ignored. All sbats ve"e *%de at an
Initial.eerue or 2500

There are several. sour'ces of error contributing to the
uncertAintiec in the infinite-dia~tetr velocitie3e First# there is0
the error of 0,001 in the oyanogen mole fra~ction du-- to the HON
impurity. Second,, there Is the effect of record-readigg errors; this
is probably the largeat ezporiiit&1. error. It is, however,, less than
four gesec, since the record.. could be reed to at least + 0.2 psec.
Next, there is an effect of no more than + 0.2 in/sec in Individual
velocities due to gauge distance errors. -F'inally., the velocity-
reciprocal. tube dilm ter points do not l.ie exactly on a straight Urn
as assumed in inki m the extrapolation to tha inf !mite-diamter
velocity. This leads to errors which are srnaller for sow~ mixtures ithan for others since in sorm cases. several shots of the saw mixtwze -o-3were fired at the sam tube dinn~ter. The combined eZ%'tect of a11SIthese errors is an uncertainty of about five rn/sec in the velocit~ies
giVen in Table III. 

.
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,JEmU• 1.. zer•"Jtaa Oe"±cn:sl~ocl~t±.a. •In Q-CaoA,-OXygen MiXt=u

. _ ___ ___ _. 3_; 2 i.
o.96 o.05033 o.oMi 1.o45 ' 2 ._3.o.5
o.496 o.5o3 o.o0 i. oe6 a75g.6,

0.50a 0.499 0.001 1.00O= 27469j6.2f 2'T5.3.62A

0.o498 0.501 0.001 1.0005 2753.•13_2k 27'4&34._1

0.4,99 0.500 o.0o1 1.0=11 27145.8±1.3

0.499 0.500 0.001 1.0003 27110..

0.1499 0.500 0.001 1.0000 2742.7+1.

0.499 0.500 0.001 0.99•. 2743.1+1.

Ook&99 o.•oo 0.oo1 I.ooo 27oa. 31.

0.499 0.500 0.00i 0.50o 6 2703.6t.

0.499 0.500 0.o00 0.50o0 2703o.7+.

o.104, 0.515 0o.01 0.9964 275W.3.o0 2733.6+3..

0.1178 0.521 0.001 1.00149 2752.8+0.6 2751.•-0.8

0.151 0.58 0.001o 1.ooo0 2687.9-2.1. 268o.+o.8

o.•.8 0.551 0.o1 .oo04 2679.13o0.3

0.148 0.551 -.o001 1.0005 2676-3+0.0 2668.0o1.

o.4o0 0.598 0.0o0 1.ooo8 2496.-1+o3 2492.±o0.3 2482.o0,

0,352 0.647 0.001 1.0002 2368.2+0.2 2361.1+0-3 2356.3•0•.

0.301 0.697 o0.x0 1.0008 2251.6+r 22Z49.•o. 22,41.5+09

0.300 0.69B 0.02 1.000, 4 2254.7+0.0 2251.2+0.0 2241.9+0.

SSuperscript zero ref ers aJlwaye to the initial mixtuiire co tIo.
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%a % mia 3 ini 2,
0.I401 0.4w 0.196 0.00 0O99w 2641.i.960 26ý5.8-094 2631.803

F TABIZ M!. Infinite-DMamter Deton~ation Velocities

'2*2 02 X pa

0.44•9 0.550 00o0. 269

oAM 0.596 0.0o. 2511.
0.352 0.6Z&7 M.OM0 2378
o.30 0.698 0.001 2263
0.4e o.oA 0.001 2650

This entry refers to 06 adtm'e vith added zitragen; refer to

Tbe n for c=position sA in-Itial ;resswe.

mte fiml result for tba equi•l• r ix±tvor. i In ezcellent
agreem~nt vith the corrspon1ing daft of MKN Howe2'D atot
,oa-zpositions the eareermt Is not rery apols the pmesent, results beian.
'hiher. Thes ezpesiments aloci ohm that ths detoxtion velcity Is a
mixiz= for a mixture containiDS eahup 9 le0 2, rather than for a

50 ~ ~ ~ ~ ~ ~ j nroler an~ prvosymws ?Sble I also sh*oe,
in disaareen•t vith the results of tht the effect of tub.
d4a.fer on the detonation velocity * pricttcaly inpendent of the
composition.

TBOEETML D1VAIS

In calculatiDg the theoretical results the product gases are
assumed to ba ideal. With this assuupticn the Cpmj -,,-Jou~at
condition• (7) an the Hugoniot equation can be vritten as fo13At

+ -* = 0 (3)
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In wMleb ran& 0' are dcmensionreus ftncUona useful in emculat1ons for
numerical cvomeniene. In these equations the subscript zero refers to
the initials tate of the u-reacted explosive mixture, lack of sfubript
reers to the pmvdU in the Capman-Jouguet state, V is specific
vlume T Is tperature,, P is pressure, 7 is the ratio o- the cmstant.
pressure to constant-volms beat capacities of the product mixture,

Zia the total moles per grM of reactant, ' ( is the total molea pe
gram for the poducte* R2 and R2 we the gas constant ini units of
cal/moe/deg and cc at*:o0/d.eD, respectively, 4*(To)e" is the beat
of fortion in units of cal/S for the explosive mixture at teperature
Too fi*(T)l ins the beat of formation In-umnits of cal/wale for product
aow~ws I at teperature T, and the Dple kv' averge constant.-
pressr apcifib beats for the mixtue between tenaerature T o T% and
VOL Ma equatUa for the Chp•nJougut detonation velocity, D, can
be ot rewritten in dine" ionless form

Except for argon,, which Is trewated as an iuart, the ni are to
be deter-iJ~d by solution of the varicus equilibrium conditions and
mas balanc relations ao=ng the assumed product components. Ten,
the terp twue variations of enthalpy and beat capacity are known for
those =PonanU, F;qutiow (3) and (4) can be solved, using the
ased Ideal eq~tion of state of the product mixture, to give the
valuwe of T. PS and V at the Capn-Jou t plane. The detonation
"velocity is then cocqued from Equation

The velocity coputed under the asev--ption of an ideal product
LtXure must be corrected for non-ideality. The correction used here is
that indicated, by Scbmidt.(12) The Abel "co-vol=sa" for these
mixtures ae approxmted fro the empirically-determined Lennard-Jones
"12-6" potential parA=Zters discussed by Beattie and Stockyer.(13)

In these calculations a total of eleven product cozponexts Is
considered. The most important equilibria are as followat
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pea =A: (6)

c( V)÷ /aw2 2--- 0- (0) R

•- ii, •ta• Il +t oV e

.C(19) o2  CAq~Cu

It In not 4nooyable that et reactions invlaing e
o:c Pte neoub m to •y b•e•partsom€. w &Never, the only reacti0al
Vat smeid r--bomb3Ai** D.e ln9lvi 4 a cow3 not be/ IivAldM

deto a 3afk ct the necessary therwdlpmae U

MW tu- mixStures the eqmiirui pnrobUm can be raft*"~ to
obtaining the salut~m of twob nonalinc&- aq~in In two vfarblesj
this da $t In aso Wp.Ine to Eqations (3) •a (h)"om
nthad us bere mes sWiested to the authas by We We Wood this
IabortoZ7 and la dw"mlbed b'1et23' in the Appenlize

Mata) p 4 afev from the Miami Rmau or Standards'
S srm () pe= to CH anM CAN. Dta for C are fr the results
v Jobastes. et S1.t.61 •a.ta faa, ',4 mer c ted by tke euthcik
wLing the bia Z-oeoiIatcr, ria'd' am spe0-
troaca)dats arlzed by rabergnlTj Since the data C the US

tabls 1 Aanot oztemi beyoad 5000 X, the data from 3000 to 5000'K
vex used to m~ lout sqmares quAinAi rite, i.e.,

T (13)

and these fits were extrapolated to tUs desired texerature Awer
ncessary, ftildar fits vere uc4e for (M and using the data

aýJmn1 'ihich vere ew'ysilable from 3W0 to 600FThe Validit~y at
the fits and extrapolations vas ohmechoi by caxparing selected aWg
with the h1oi t-martw - - ues calculated by Fickoett and Cwamn.~
The errare were never greater then o0@40

Errors dune to the bermnIa.-ciUAtorq rigid-rotator approxmtima ft
calculating the date for 02112 kur uut to be iuagligible since, for

the mixture studied, there is essentially no C2*2 in the produhct

mixt~120



haft CgVW~tUW Om aq bt for- all. cW ty ima o

C (Th4Cr~h + Ta~
UsIM the qu&*S..f tt•s for Up(,),. ftation (14) is .•ct if 4(12s)1
and its t wq tae a 4rivative wre kon exactly at tbo tewp@%,t'n" aC
iatrS". u=M lb i,1 fits VW* quite goods.it se.a Jutatirnbl
to oaWu•ate the tunperatur-e eri•vati em thm ift by Efrat
differentiatica. SAr a proceditm ban tbe ad4o advantage of requriniz
Sam fit to cute tvo quantities.

Tis =*ho of ±ca~laUtin cj*(T)j vas ehecked as fo3.1wis
(1) or C,, 0, a--, 7 al ,s from Equation (t1) veow co~we i vith WA
coM te W the GUMMS at a few teP u atures using standard e
and spetz - data smwrised by the Naticnal Bureau of Standaxds(1$)j
(2) For 02j, N~j, 00,O. volues from Equation (A)) wons coqnared with WAt
CO TUted at a f teratures bv Fickett au Co•an(20), ma Woo•d(21);
(3) Far CK, &I~me from Equation (11s) vez ca.varied, with the da~ta of
AJzstoai et aiL.(i) In every came the 41 ps in ut, was 2e35 than
U., 3, the Mristi e=rror be lug cofind. too. tba waq~nmts Vrest only
In SMU aml a.

rree sas functions, -(F*-S8)fT~ for CS wre takren from the
dats of Johuston, at al.(i6); data for C, 0f N, and C2N2 were o•,,uted
by the authors frsm ajectroscopic data. (,1719) For all otber
cezvonents the data 1r the MS tables (15) were used o, make cubic fits
In in ,(T/3000) an Ues fits vwer exztapplated to the desired tempera-
tMV. ft e - -tione vere checed by cax,.rison vith the results
of Y'ickwtt andi dowu(18) and were found. to be very mwd.

dats for CH and P292 ewe from Ieerst wl(2,ai
Kno•itan and P1•me(23), respectively; data for N s-OO e wcoqted.
from dimsooatdl energies, Df, compiled by Herzberg.(24) A"l other
ag miues ar ated from the data listed in tba ras tables.(15)

EquilIWium constants are computed from U and freo ewear
date in the usalL way. For cocputing convenience the equilIbrims

s vos then fitted. as cubics in T, a separate fit bein8 us-d
for each 1Q00 interal in the temperature range 3001? to 7000 K.

Thae !he1 d ymnmc ftmtious Vouputed by the autbors are
61"n in Table IF. Physiml constants axe taken from Berzberg.(24)

"MOWTVICAL MUMSU
~lc1atonsvere made for cyanogen-oxygem mixture& in tbe

composition range 10 to 52 mole % cyanogen End tor a mixture. of cyano-
Len, 02MAn, am- aitragen containin hzO =l ~e % cyancgenj, )i0 nols 0
ozen and. 20 mole $ nitrogen. Table V shows the computed detonation
proper•Ite for the mixtu-s, the detonation velocities having been
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genute 1 .oýymmlo F~t~naom
f~uX IV ______ ______

- -f-

32oo 38.aio 81.G0 3750 4.317 44.220 46.,rr

3k*0 1.831.6 a2T.7o 14M0 4'5703 41M55 413M50

3600 i8.,69 83,ft 11250 46M 14.851. WAS80

3Soo 18.S& a.&At 4W75 16.585 .5.Z414 1.7.370

MW0 3A.68 85.759 50 A.9 45.674 47.630

haw 280.76 86.673 MO 17.1. 115.923 417.oM7

"M1.o 18.86 87.5119 5750o 479573 116.391 118.33

MW00 1,o1 88-.09 6000 1,7781. h.612 k.856

MW80 19-013 a9.igT &e5o 18.oo8 146,ft 48.76k.

5m0 19.082 89-97'6 6750 48.814L 47.232 49~.W

5600 19.-8 92..?

5800 29.39 92A.

6000 19,357 93.479

64M0 %9.".15 911.731

6800 19.523 95.912

7000 19.560 96.1279

Units are M1/moLef4d.g
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Xý& 'Watcm/g V00/116ao TrtV~t

0.519 ml2 323.9 53i.80 5930 2683

0.A795 5U~.0 331.2 56,15 6132m5

.0-4395 590 D 03 5 63k

0.3m5 608.1 3147.0 14k.06 19824W9

0.3593 60.6 35I4.0 39.66 %&T2rr

00.3W 630.7. 359.2 37.00 IA42316

0.1m 677.5 383.6 27.52 3683 2052

O.3/S9 697.3 3945.5 24I.03 363L 1938

0.0998 71843 4M0.1 20.19 3263 3.796

16232% T~.o se Yoco/g P~at T,"g

O.lhl 0.o0 0.198 6i9.9 .351.2 48Jl& 5Trm 263'?

a. Po = 1.000 m~aut~ To w 298.16K
0 0 a 0

.b. a 0,909 168 x

S26
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correte~ garpecus- n~eufoetim a o the praoduct. Fc or vn~n
these results are 4&Lld wa&% "dW resuats..l h 'ThWA designation ,dfl
nwa results obtained in which D&gfork -. 1.756- ev, A *(250C) -for CK

It 9.8k ta1/MOU, andi £aH(2'WO. tor aSi T3.i MI. M
iswWA em.4¶briu, iposit4#ns ci the standa md", prodwt ,i,,,
a m-i-• i,+ Table V1. Table V compares some of the *stmand&

velcites ithvrlsscalulaedby changing &?(250C for C&fo

73-84& to 758 kcal/mcl* amM Aq(25 C) for CN roa S4.o to 9: m

The only known error tn tb calulated resuls# aside from

is one zz o alret azzzzz 3BiI te=Wrmta ixue
i.e.,p the calcuAtions, ECU Is assu to be C2 -2 .ozlmte
cIalculatons sh0ow-4Va1t the effect an detonstic+ veo~city due to tbhe

asuarpton in to decrese" the calculated el.ue by at =sat 0.2 9/seao
,+ t oerefore, calc•l-ted results are qm:ted to cay four slanlIfaut

These results do, not agee with the data.,lclted by
M (7) far similar sixtu.es. ftere 0em to be several rason for tf e

discre Lncies. Probably the most IqnatAnt, am is failare to &.11m tor

eXCIted electroimc levels andi &nhnr=odeity in aseumpin their therm-
dynanic data for C, O, N, and C3 at teopertures above 5000O Msfr
results also contaln errors associated vith failur to att.A.
, coam•,gam of the minerica. iteraticas to better than 0.2% at tof
tanyeratwre; te •w",sent calculations were carried out to a c
of better than 0.01%. ý liaa", their results aeen to hate the WK.Uerrors almost a8Jays made when don such €ogpitate&. Unwariml *sn

latins In -adsktp C igultre.

+In Ta'74. IX and Figure I the "stanidard." veocti" •zr

compared with the e3M~rierzntal results. *In sos case a the calculated
resuiG( has been computed from a four or five point apg Jan inter- 'polation of the results given in Table V.

The most iqmortant question to be considered is whether a
ccomparison ofP experimental and theoretical results de=onstrates the

validity of the Capwn-Jouguet thecry. According to a recently
developed theory of the detailed structure of the detonation wave(25),
it Is necessary to consider the kinetic dotails of the detonation
reaction in order to show that the Chapman-Jouglet state is the state
of thermodynamic equilibrium. There are no expellmanta. data on
reaction kinetics at these detonation temperatures, and for reactions
which might be Important in these cases there seems to be a dearth at
data from which to make ever order of nia~ntude approxlmttlof.
Consequently, it does wiot seem possible at the present time to
"dc=nantrate conclusively that thermodynamic equilibrium is attained
in these mixtures.
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2750e67
0.199 2750 23

K..
0, .1997 .,2052 2050

aD. t N2 9.756 ev
DoC of W2 7.373 eSys & other wdata ane ,"sndar, results

T TMV~Z. Calculated Velocities for Various Beat& ot ,mtiM'O.

02%1 Detomtatin Velocity." M/Se
0.49.21 2727 .2763e

2671 26o. 26

La " 0.352 2A 2371s 23T4
- A0.301 2256 6 2263

0iOZI 263T 6. 26h1

'Sadr"results inthsthlm
, o"ori,�" for CA m 15t8'ccalclaed. e s

0.499 2T68 2750 -0.6%
0.449 2694 26T1 -0.8%

0.352 2378 2369 -0.5%
o.30Xoz 2263 2256 -0.3%

:412650 263T -0.5%

Tiis colwn comnputed. as! r.

This r refers to the mixture containing added aitroeen.
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Swevr, It is p±sz ble to zake at, lesat one Intuitive
argument.. This argument vas mamgsted by Xiatiakowsky (26) -and goes
asmewhat as follows. Within a very"short time after the onset of
reaction in ano region of interest there a reulatIvely larg~e concen-
trations af free radicals formed..(6) In the case of the nearly equi-
molaV mixtures of cyanogen and oxygen the latter stages of the over-all
reaction would involve the exothermic recombination of these frei -

radicals, resulting in a certain distribution of, say., oxygca moleculaa
among the possible energy states. If thermodynaic equilibrium vere
not attained, a different distribution among available states would bw
expected when there is "excess" oxygen present, as in the case of
mixtures containing appreciably less than 50 tole $ cyanogen. In this
case the latter stages of the over-all reaction would be composed of
processes involving the endothermic heating and dissociation of the
"excess" oxyen ("excess" denotins thie difference in concentrations of
oxygen and cyanogen). Similar argunts should apvply to the questiaon
of thercodynamic -quilibrium in the case of the mixture ontainiza
added nitroZen. If the vaiw's calpulated by assuming tho•rodynani

0 equilibrium are the &s, or very nearly the sao, as the experimnxtaL
velocities over a fairly wide range of composition,, this is evidence
that thermodynamc equilibrium is atta±n•..

On the basis of the above argunt and the agreement demon-
strat•4 in Table IX it seera rcoconable to a&o s therxodyniic
equilibrium was attainod in the mixtures studied. It then foliws
thkut the therodynmic data used in tl co.-utations are very nearly

0 correct, and It is of int-rest to Inqu•re if better agreement can be
attained by ch=Zing to= ao the =re uncertain data.

There are two typ3s ctf cange Vhich my be =de. M2 first
Sis to chane therredynmio data for the reactants. and the secorA is to
"- change the data for a partiloar product e onnt(s). Chaý at

forr.er type would produce en ellect for all the mixtures with the
Szagn~tude of the effect dpeadin3 on the cczpositiona but chonges of

the latter type would aifect only those mixtures in which there is an
appnvciaele concentration of the particular co.onent in the product
mixture.

With regard to changes in reactmut thermodynamic data the
only datum subject to chee, which also produces an effect of the
desired manitude when changed, is AE,(25C) for C2 N2 . There are

.1 three quantities in doubt in the case of data for the products; namelys
D8 for N2 and CO, and 4L2(25*C) of CN. Of these four quanntities the
dissociation energies are limited by spectroscopic evidence (24,28) to
certain well-deternined, but widely selprated., values, while the heats
of formation are subject to possible errors of only a few kcal/mle.d The results of Table VII clearly show that DO for xi is
9.7T56 ev nather than 7.373 ev. Although there is still some contra-
veray over the value of Do for CO(21 ), only one of the disputed

XNI values, 11.108 ev, vas =s-d extenaively in these calculations.
However, in a few cases calculations were wade using the value

77 128
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9b6O er.. Inh thea, cams th- calculated velocity was- lwered bi about
the ase orderat om gitude as wte D8 for N2 was lowered t T.•7 373- e
COmUetiently, E8 for U10 1n U1.10a evww

The results in the third velocity colmi of Table VM are
qred with the experimental resulta in Figure 3T. Clesrly, the

agreement between clculation and experiment is better in this case
than when the muPrizental. results are compared with the "standard
ca I C",.ted Va.un11.,- "Us better agreement is an Indiestlowtft
&4(25*C) of (3M(22) and, c.N^(23) are perhaps elightly higher than-
previously supposed.

In summnry., the authors believe that these experiments have
demonstrated the validity of the Chapn-Jouguet tbeory for gmseous
mLxtures- of cyanogen, oxygen, and nitrogen. On this basis the agree-
ment between calculated and experiranta. detonation velocities shows
that DS for R2 is 9.756 ev and D2 for CO is 11.108 ey. There Is also
so= evidence Iadicating that (25&C) of CN and C2N2 are perhaps
higher than previously supposed.

APPEN
let the two non-liear equations in two variables be written

f = f(cp) 0 and 9 .(a,9). o,

and suppose that theae equtions my be inverted to the foau:

a a r(fg) anL a - (,)d-

Let the solution of the former equations be (aovo) and expand F and G
in a T-ylor's series about that point. The result is approximteLys

a U a + (i + b, (1)
and

0 a 1o + a'f + b 'tg, (16)

where a% a', b, and b' denote the partial derivatives of F and G wvth
respect to a and 13. Equations (15) and (16) are equations of planes,
the constants of which can be determined by computing the values of
f and g for each of three values of a and 3. The only constant of
interest in this case is % or 0o, since these constants can then bk
used to comzpute a new f and g and this process can be repeated until
the equations have been solved to the desired precisicn. No proofs
of conditions for convergence of this itertion are known to the
authors, but Milne(27) cites possible cases to be avoided in a some-
what similar method for one non-linear eqution.

Practical exp.arience with this mzthod shows that the three
initial guesses for a and 13 should be triangularly spaced about the
solution. It turns out that if good initial guesses are made the
computation of the detcnation properties of any given mixture can be

.10+29 .,,,. . . .. . •.,, .,., .,
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ArthrL. Bennett and Hazera W. We&&m
W b-f . tmI a'aan" Test Stats .

China Lake, Califoria

Preliminary results of an investigation of detonation in
ass were reported previously (1). The 2.5 ca square tube used then

was not long enough to Insure stable detonation car w it faeasible t4
provide adequate velocity measurement. A new tube of.al ms1n has
been constructed and instrumented. The behavior of detonation In
aoetyleno-o~gan and in stoichimetrio hydrogen-oeqgn at Initial
pressures down to 10 = Hag is reported herein.

The driver section of the tube is 97 am lcS and 12 Outin
diameter. k diaphragn is norm.aLly used to isolate this section from
the remainder of tho tube. The first part of the experimental sectio
ib 215 ca long and 12 cm in diameter. A tranatimo section 46 ou 1an
provides a smooth transition to the final 10-cm square section 1M an
long. TLis section has a number of 2.5-cm windows fluh with the
intarior surface. The run from the diaphragm to the window used for
photoelectric weasurements is 98 am or 33 tube diametere. The run :
the square section -'on Is 137 cm or 13.7 times the tube height.

* Valves in both the driver section and experimental secti.
lead to a diffusion pump for evacuation. Storage tanks are used for
prwmixing the various gase. The mixture ratio is established by the
pressure increment of each component. The mixture is allowed to stan
at least 12 hours for diffusion. Control of the mixture ratio is un
on the mass spectrometer.

The position of the detonation ,.s determined ty eleven ion-
isation probes along the top of the tube at 36 to M0 im intervals.
The probe design and circuit used at ILs Alamos (2)has been modified
to suit tha recording equipment. The probe consists of a 1.5 m
nichrome wire surrounded by Teflon 4 = in diameter. The Teflon and
wire are pressed tightly into a hole in a tube wall and then smoothed
off flush with the interior surface. The si8nal pulse created by the
discharge through the ionised gas of a lO0-)W)f capacitor charged to a
potential from 2 to 450 volts (depending on the pressure) is

,,[r•,:m+•l,.m-r,• y., . . f"• 1. ,.., .. ... ,% ••+.



tranodtted thrwobh a gmanitm diode to the coaxial cable o etwi
S an probees, w h a pt of the- Tim* Interval Recorder. i tim oee.
stant of the eizrwt 6epends a the comativity of the gas and wim.firom 0.1 us fbr bI&Mw initial pr~essures to 10 ps for the lanst.._•

vie t a Ta4•tr x Time Mark Genrator (TE) acitrao A 1W a lag
on'* emtal wsL~a hich furnsbas plsesu frm I Me to I "=A 8

spacig the duration of the record in 20M ps at 1.5 VW iVe. 5A
Tektroni tip. 5f oscilloscopses each with a 35 mmU.33 OL.W.- ama
wed. Th. SCOoP an tdsiwnd a=trnt~a t p ±te a-
pulse frim tim 7O. Tm eope are swepn altrntelyr but ark0
until the ,lrst probe signal i received tq tbe control equijat.
This signal brightens the beam of the active s.oap w r the beau
is at that Instant and this scope continues to write fitr a ft sweep

of ~ ~ So. obu 0 A 0y n the WIC the aseood soope also begin to

Both soopes record three sigials mixed in the tXa md fed to

I. ~the verttcal deflections (a) the probe uipialu (ponit~re)l (b) Wi
pulses at 1- and 5-Ps intervals; (negativehj and (a) a satoh ~a
of 200-ps duration whi. h pmloides a vertical displaotae t of ahu&
4 ma between suceessive line.. Me relativa time of the probe sig-
nal, are read b7 interpolation betwem the 1p. mr•kere.

An in•ization profile :W obtained with an miliwy oscl.-
loseopo. The positive side of a 23-volt batter7 is oonace to the I]
probe through a 10 K resistor, the other terminal being mMsed to
the tube. The probe is conneoted through coaxial cable to .b. input
of the scope. The zero of the scope is set at the top ln of the
graticule and tie sensitivity adjusted so that shorting tim probe
gives a deflection of 2 or 4 am aocording to the linear renge of thescope. Deflection of 1/4 the preset deflection corresj 4 W an ...a

Int l resistance of 30,000 ohms, /2 to 10,000, and 3A/ to 33"."

A li~ght prfie" is recorded with a separate ocilloecope.
Two 0.65-m slits 2.5 cm high separated 17.5•ca mv aligne4 perpen-
dicular to the axis of the tube in line with one of the indows. The
slits exclude all direct light from the tube beyond a vidth of 1.2 m-
at the distant al of the tubes and hence the time resolution i"

0.5 )ae* for the slowest detonation :ecorded. Behind the second slit
a 10-stages nd-4on, S4 photomultiplier type 6199 at 90 v/stage, bat- 0
tery powered, is used. The anode resistor of 1000 ohma with a short,
lov-capacity coaxial oable gives a time resolution of 0.1 ps and a
good signal-to-noise ratio. The slit lengths were adjusted to limit
the maximai current to & AM

The standard operating procedure in to clean the tube of ___

any diashragm debris. put in A now diaphrsgm, and punp a vacun- below
25 uicrons Ha. Aleak rate of 10 Microns a minute is1.. aee
satisfactory. The two sections of the tube are filled in turn, the N
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prosur. being road- an wa di al namtr aa~rate to. 0.1-m If&. ftio
to histh sc1lnmopeas have bee.a readied: so that the -z t~.Is tfred

vithin .to 2I imiuts of thu copletion of filling.

The location of the probes relative to the diaphreg is
giu iA Table 1. The measured detonation velocities for acetylmne-

. m6a79Mam prwe e in Tables 2 and 3. Only the am 1aeu ts oWW
tbw DM r part of the tube are gvn to Indicate the OW. af
forlmty of the velocity. Some runs in Table 2 were made with red sip
tape O.00-ich thick, 0.003-inch acetate filMa and O.O02-inch oop.,
foil as indicated. No appreciable effect on the velocity is evidmnt
at tLo usual worki•g distance from the diapbhrag. It was noted that
at 50 nitial pressure the velocity at the probes near the looatin
of the diaphraaz would be above 3200 Wisc withouat the diaphragm and
then would settle down to udforam velocity. With the sip-tape dia-
pybwes however, the rim-up to detonatiou was mooth and the fi•l
uni-ozu velocity me present at the first intersl.

rbe nae" mntel n Table 3 were made to investigate thr
effect af the transitim .from roimd to aqua" sectim. The paitiem
spark pluS was placed at the and of the squar section,, 93 cam fro
probe Ill and the velocity was asaiwe In the upstream direction.
Thore appears to be no sirnificant difference. The uniformity of the
.2looity at high pressure indicates that the m-asured distances and
the timin are h accurate.

The detoation velocities for stoichimetria; hdroagen-
ozygen are Siven in Tables 4 and 5. Tba mean velocities are plotted
in Figure 1. The velocity computed by Mooradian and Gordon (3) Is
shown for comparison. Good agreemant of the obsarved velocities dwn

TAMS l

DIMXSIOS OF THE TUB

cement Distance Element Distance

DiAphe a 7 288.69
Probe 1 22.50 a 325.25

2 60.58 9 361.81
3 98.63 10 398.31
4 136.78 U 434,82
5 187.46 d 44.10
6 238.14
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to W m Init"I )Aessure is evident.. The velovitr of the one rm at
10- m Is hUA v.atIve, to the-we cat~tlas- for 30 to 20 sm. la~ t~his ca&@e
the driver WtU * e prewe. 40 - CN 4a0.2 Is high enough so that the
pressure behind the detonAtion in, %i wall xened the Chapuh
Jouet Poasre.

Figure 2 (a) is the light prof-ile few 1W - 242 takn at
th side of thin tbe at the same distance fron the diaphrigm "a Psobe
20. Figure 2 (b) is taken at the sne location at a siAd probe eam.
tered in Ow alit.a of the Photmultiplier. A cansidereMle de&m t.

woorelatim Ir .ntewd even tboqg the pobe measures the conductivit
of at most a few fnlsnetoers of the ga8 adjacent to the wval, wherea
the photcoultiplier raceives liht from the full 10-ca depth of the
tube. The local nature of the probe measurvent is Indicated b7 the
wider fluotwation of the record.

The light and probe profiles at 50 m itial preasure of
25..020 driLve by the detonation of 50 =u of CAB40, Figure 3 (a) and

3 b;respectivel, show a similarity to thosea r prge sim
It is to be notedg hWever, that, following the initial peak and a
plateau of 30 •ea, there is a pro"gressive increase in intnaity,
which continues for the whole W ps recorded, to a value equl to
or exceeding the initial peak.

At 20 n SInitial pressure of 2820 •nby35 C2  O2 ,
illustrated by Figure 4. there is some fluatution in intensitV or
"about 50 soc in the five records obtained. In each, bowever, the
increas In int ensity beginn'in about 15 p•oo aftor the start of amds
sion leads to a value greater than the initial peak, 150 to 170 sooe.

Figure > UL the record obtained at 10 a= initial pressure oa
% dr n b 0=The increase in light after the

Light profiles of longer duration have not as yet been taken.
.1 The mizy ionisation profiles taken at slower recording speed indicate

that the mayizu conductivity occurs in a rather broad marimun at
about 200 pees after the firat cignal. No marked dependence on pros-
sure of the interval to m.axinum conductivity is evident at the loca-
tion of the window near the end of the tube.

Examdnation of the light profiles shows that the duration of
the rise of intensity to the first peak becomes progre3sively longer
as the pressure is lowered. The mean values of the time of rise are:
for 400 m, less than 1 psec (1 run); 50 mm, 3,nsec (2); 20 mm,
5 psec (5)9 and 20 MM, 7'soc (1).

DISCUS3SIN

The observed increa-se in the time taken to reach the first
uaximm could be interpreted to be the duration of the reaction zone.
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Thlý: tpet w,•t. be quai .iedo, howvers by the econatina&fg l.
create in-amne"P lastig am@ 200 pase. &ven if the- ,adiatiemtI
purely thermaW the rease In intensit~y follow.ig, the first peak
Indicates an increase In temperatures, contrarT tj the Chayman-Jogt
model of the detonation phenoemaO unless one aecepta the interprets-
tien Cat the reaction sone is upords of 200 usec or some 50 cam in

SOur present interpretation of these datal that, even after
a rum of awer thsa 30 tubsdr.&nterw, etahie detonm h no beim
achieved. Even though the detonation velocities show little variatlom
over the last three measured intervals, the marked irregularity of the

/ Lonition profiles suggest that the detonation is not a single shock
followed by chemical. reaction, but rather a series of shake or pres-
aum pulses overtaking the leading shoak from the rear. As Brinklq
and Riahardson (4) have shown, energy released in the rarefaction
va•e1i not lost, but will be delivered, at 'ato in pat, upstream,
The average Ve?5eit7y wili, therefore, be reasonab37 constant even
though the arrival of the pulses must result l\f•luotuatlos of shart

Is the obsorme turbulence t low prissure a general pbs-
nomenon or is it peculiar to the eometry of the tube weed? One
should expect the transition from aircalar aection to square section
to produce lateral shocks, mild beca•se the maxiu angle of the val
relative to the axis s about one degree. A number of nme have been
*ade to investigate this point. Figure 6 is a typical record: (a) Is
the Lonizatimn profile at probe 5, 29 ca upstream fro the beginninS
of the transition section. Figure 6 (b) is the profile at probe 7a
28 cm downstream fr= the end of the tradsition. Figure 6 (a) in the
profile at the usual measuring locations probe• 10. This ran wa IM0
S012H240,, driven by 150 ma C0H2+.0 Our interpretation of the group

of records is that the irregularities smooth out in the course of the
run through the tube without regard to the goomstry. The indicatlon
is, therefore. that the turbulence is not peculair to this tube, but
that detonation initiated by the technique used here will require a
run of considerably more than 30 tube diameters to become stable.

(1) Detonation in Gases, Bulletin A.P.S., Vol. 27, No. 68 Dec. 1932.

(2) Precisi.n Meaurement of Detonation and Strong Shock TelocIt In,
Gases. Knihtt and Duff, Bulletin of the APS, Vol. 29, No. 1,
Januamr 1954.

(3) ONR Contract R7 onr-M2. M3 provided through the courtesy of Out

(4) Fourth Symposiu= (Interational) on Combustion, 1952, p. 450
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TABLZ 3

DET UTION VELOCITY OF 0,5 ACET!L~EI 2-5 O0xrG (uEN c

=i , No. 171 -173 174 17

Probe 8-7 2856 279
* 7-6 2847 2799

6-5 2855 2W3 279e
5-4 2851 2803 2797 2766 2766
4-3 2801 2762 2764
3-2 2789 2761 2759
2-1 2763 2761

mean (last
3 int.) 2853 2802 2796 2762 2761

Component
Ce!!. M% 51.48 49.570co one (%) .03 .60

2M48.31 49.66
.18 .17

(_3
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Fig. 2 -(a) Light profile, '%b) Ionization profile. 400 mm Hg initia
preaSuioe of 2H +02 detonated by 170 =Hg of C H .2'4
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Fig- 3 -(a) Light profile, (b) Ionization profile. 50 imn Hg initial
pressure of 2H2 4.0 2 detonated b.y 50 =Hg ofC Z*-
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Fig. 4 - (a) Light profile, (b) Ionization prof i'.e. 20 ri- Hg initial
Kpressure of 2H2 +02 detonated by 35 mm Hg of C2 H2+0 2 .
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Fig. • (a) Light, profile, (b) Ionization profile. 10 nu Hg initila
pressure of 2112+02 deton~ated by 40 rmm Hg ot G2H2•02
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I. L I ~ tA-•C IA~S- I

o. A. Nidolls, 3. B. Mor'igont R. 3. Cullen

Ai~rcraft Propulsion Lboratory
Engineering Research Institute

Uliversity of Michigan
A=a Al-ior, ol.higmn.

lost anal iMa or detonation desoribe the phenomenon Is
tesms of the change In state eonditiona across the wave uherln
futoniot euMs ar, utilized (1). Suah an approach 1a of grat %tX.-
Ity bVt tends to obsoum the 4y=nlo proport1i a of Telooity md heat
release, Aocmrdingly, it Is enlightening to analyze the equations
frog the lattor point of view and then to trace the various possible
proeses@o. Doopite a nxber of simplif71ig assumptions rhich are
necessary to do this reaiLly, the analysis has a very definite
qualitative value.

The systmtao be considered Is as shown In nigr'e 1. The
detonation uav In treated as a etanding wave so that the unburned
mixture to fo.oimS into the wave front at velocity, U1 , and the burued
produots recede fim the front at velocitY, U2 . Aweuming lean fuel-
air a•ixtures Q

* ~Us U-- lj

Figure 1. Reat Addition in a Constant Area Duct

so that the process may be treated as an air cycle, the following
equations for steady one dimensional flow in a constmint area tube
may be written:

Conservation of Kast

" i *el u2  (1)

Unclassified
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Q) mirvation of Msatu " .

Conservation of nMs -': "

squatla of Sbte:

P hewt

P = rtatic presaure

U 'velocity

h m enthal~py

Q b heat addition

T static temparttu"

IR a Ps constant for air

The equations of mass, moentm and state may then be
cebined to yield an expresoioan for the final temperat~ure. ¶tlat Lso

2 2

AammnLng a perfect gas so that the enthalpies depend on temperature
alone, equation (5) along with the energy equation Is Elfficeont to
yield a plot of the. final state of the mixture as a function of the
initial conditions. This curve is tho"n in rioure 2 uhere heat
release Is plotted against velocity with temperature as a Veramter.

The path lines, dent ed by T represent the transient
condition of the stream as beat is ada1do rhere are, of course, a
number of tbaa. path lln66 but for purpoaaa of diacussion only two
are r'ouw.
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There are also a nubep of statie temperatmue lines but
only a* iti shamu The line orq = o, represents the loe of a12

points of senior atloaty as heat" annot be added to a siae stream
without a readjtmtment or the faov. For any path Ilna, such as the
oaes als In Iigu• e I, conditions to the left of Vontv C or ft ar
of subseoia velocity and those to the right are supersonic. -As
initial conditions of temperature and velocity establish the proOsas
On a path lise. As heat Is addod the process follows this path lina
and whether the velocity be sabsonic or suparseanie the heat MtIaU.
will ton.* tbe pm"ev townr' soul. -edocdtyo

DZTOATI1z flOC 1, it

The heat release - velocity car.es aae instructive in
describlng. the various types of detonaLion poscible (Z). e onu4doe
a ceabustibla zixture at an Initial tcopratur*, Tr, sad Of volocityg
V. This establi h&a the procoss on a path line, edy at point a Is
Rgureo Io f a •hoak wave occurs, the process ju-ps adiabatically to
point b, the subsonic branch of the a= path line, Suppoca that
@hcmdcal reaction takes place lhich •oelds an a==$t of hoats %.
LTu process then advances along the path line to point a t•2e"

-b Q O0 is cqual to %1 end U Is subconie. Such a procoes Is I ntielly
pousible czd Is ordinarily elansntled as a strong detonatloz.

It, In the above eacs, qR, Is Just equal to %, the process
sill teiminate at point g, that Is the c-buction products will be
zaorIn at a Nach nuzbor of one relative to the front. TIhis In th
Chapman-Jouguet typo of detonation aud is ordinarily the type observed*

The third possibility for this shook proceus is that where
Qis greater thean Q, say equal to Qeo The Irp!liation of heat
additioa to a coniclotrcm requires that there be a rzdJuctient of
the flow and hcce an un=teady condition exists. Sinoe no colution
crn exict bolov %, the Intervoction of the lines q a Qa and T L T,
raproccats the Minim Telooity detonatIon ahlch will eatisfy the
hydrodynanic eqvations. this advce-ios the process fro point a to
point o and then to f and h which Is a8cdn the Qhepan4ouguet type
of detonatin.

The third type of detonation, elasaified on the Migonli
Curve as wea detonation, is dosoribed as a cuporeorno cor.bustIol wave
with the combustion products also r-oving cuporconic relative to the
front. A proces of this type could be vbualized as one with an
initial sate of a and a final state of d. row t1are are two pooasl•.
=ehanirms by which this final condition -iould beoattainod. First
there could be a shock to point b, beat addition to a, and an adia-
* butia ju:p to d. This letter path, that frcm b to a to d is know as
a atrong doflegrution. However, It "mn be ohoi-n that such a path

* involves a decrease IA entropy under adiabatic conditions and ti thus
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I uposuibl.. The remaining possibility-is to proceed dirsetly to
PC tat.&-ih-h stroma remainin.- smeraonic throughout thw heat
ad6itlov. 1w- view of. the -preamt ýknowledgw of- name prpeestia& It.
semas very unlikely that, thisa mechani smcould ever occur. thoagkh It- my
be possible- uizs other farmsa of energy addition, It appears, tb.
thft twor types or' dttom atn are possible; that of the Ghapa-n.Jaqg.
type or a strong detonation, The latter has been evidently eaxporiance4
but only as a 10ransient pheunaoa.

The above discussion L~a prameisa(n eonditions of one diaemip.
stowt steadrr f~air ACcordingly, It crannot serve to explain anal wave
structures an shov& In ufigure :3 (taken from reference 3).* The pictures
shown are of two e~parate lean, hydrogen-oxygen detonationa propagating
to the right in a * inch by 3/8 inch tube* Assuming that the waves
developed identicallyl It can be seen from the similarity of the tw
photographs that they are about 1600 out of phase* Very possibly this
Is a case or spinning detonation and calculation of the pitch agrees
quite well with the theory or x., A. Fay (41. Also, the pitch Is
about identical to thin perimeter of the tubes non the photogrupbs
It I a apparent that the assumption of one dimensional steady flow Is
not entirely valid end the instabilities are time dependent. Needleuu
to sar, the chenloal kinelics will be altered by such Lastabillikies
amd It boom& ardbs' to separate the che:-dcal'aapects from the hydie-
dynaumio

COOM1YTION 107 UA.ICN VELOOITIES

The heat addition -velooity curve has proved valuable, Is
studying qualitatively the phenomrmou of detonative combuctione How-
ever, Its use has been restricted to an air cyole and oonnoquently doess
not allow for any *hangs in molecular weight across the cambustion
rront * A more rigorous treatment of the equations with appropriate
simplifications points to two non-dimensional parameters; zamely,
a, q

22C1 l and M~g where ml and m2 are the molecular weights before and

after combustion respectively, 0 is the specific hoat at cone-tentp1preaiure for the initial mixture, and MD Is the Uach number of deton-
ation. buch an analysis has been described In an earlier paper t5)
and shall not be rapeated here. q is the actual energy added and
should, of course, allow for the effects of dissociation.

Ljhe detonation velocities of a number of gaseous Mixtires
have been measured at the Aircraft e~ropulsion Laboratory and reported
earlier (2), -iThese data were reduced to the paramaters mwntioned
above and the results are shown in ffigure 4e Simplifications on the
ahemical aspects were made so an to permit ready calculation. It can
be seen that the data correlate very well although %als slope differs
from that'or the theory. A few pointa at the lowor Mach numbers. are
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' ta.Ito_.fall oari of the- eawe. These points correa& .- those
near th.a liml•t at detonation and it Is highly probable that -Vn- flow.
' was unstable whde thbo eooity measurments were effected.

SPARK Sc=MInh PHTOGRMP

A nnmber of spark soblieren photographs of detonatica waves
have b obtainede For the most part. tb a.o waves warey Iltiate. b.
a nsz I& a antsugWID tUh of * Inch b• • 3/0 fita Internar dX enasZons,

The first series of p•cftres 3 kroI• 5, reprocant a tine
sequence in the Initiation of dotonatioa in a 50* (by volume) aoetylene.
oxygen mixtures Aach photograph is for a diftenent detonation, but
taken at a different time interval from the energization of the
initlatims spark. In ligres Bal, 5b, and 5a, the flane front with th-
preceding shook wave am be ason propagating alang the tub. 13L
Figures 5d and 5o the shook front has evidently initiated cmbuaftion
d.r*tly. behind it and is now propo~ating to the right as a.detonatioe.
The generated retonation wave has evidently passed through the
original flame front and has refledted from the clced and of the tube
as a shook wave. It is believed, that the inclined shook wayew behlnM
the detonation front can be attributed to the spark ignitIon as num-
erous photogrphs of shook initiated detonations do not seem to show this
phenomenon. Another spark Ignited detonation is shorn in F1ure 6a
This is of a 50% hydrolen-oxygen detonation and waa effected with a
rectangular tube of 2-,t inches by 3-j Inches. Again, the trailing
inclined shocks are apparent.

A second series of pictures were taken of a 50% hydro&, .i-
oxygen detonation passing over an Inclined wedge. Aohe wedge w8a
mountaed in the 2-4 inch by 3-j Inch tube such that the bottom s•xfao.
was parallel to and j inch above the lower wall of the tube. in thts
way part of the detonation could traverse the lower channel and serve
as a time reference to clock the portion of the. rave passing over the
upper euface of the wedge. This, of coarse, assues no influence of
the collision with the wedge on the oharacteri stic Chapman.ouguse
velocity of detonation for that mixture. %he first picture of this
time sequence is shown in Yiguro 7. The wave in moving to the right
and it. appears as though the upper portion has already accelerated.
The curved shook uhich interacts with the detonation front to form a
triple poi'at is originally generated from the apex of the wedge.
The rectangular shape near the leading edge of the wedge and the
fuzziness along tho inclined surface are due to r,:c.ks on the gia.
sides of the tube. At later timas, rfiures 8 and 9, the upper
portions of the detonation wave are seen to be derinitely aocelerat-
ing a&ay fron the lower Chapman-Jouguet condition. The influence of
the bubble undoubtedly accounts for the excess Chap=an-Touguet velocity
of that portion of the detonation front which is perpendicular to theSwedge. Hnwever, it is difficult to understand why Ihe other portion
has be6n agcelazatd as it has theoretically been unaffeacted by the
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pOeaenee- ef the -wedge. uther photographs3 . aloW. witk "thOa. shoma,
here- =abled t'%e variation- of velocity of the -o nan1(sa of the-
"dtoatit .frMt wit- tim-to b A.ttsmnzoed. ih 1,19 ±nfLz ti
plotteo In Soiwzr 1&..

Spark saohlieren photographs-a•t Tar s hydrogen-oxygen deton-
ations have been obtained and are shown in sigur. 11. 'hAk volumetrie
mixture atio is indicated under eadh ph, Agraph. in the case of 19.
detonation the :nLUAL font hasa pau&&ýu at thL Dpatuz to the xbt%

810 the combustion lags considerably behind, as nmh as 4 to 5 ineoes.
A, the mixture Is enriehed this combustion lag is noticably shortened
until the combustion is evidently initiated i-odiately in the shock
froat te ashow in Figre 11.-e. t

All of the seh'Aleren photographs dhown to this point have
been limited to one per detonation. "hIs makes it extremely difficult
to detedt any unsteadiness in the propagation. Acoordingly, •vo spark
Saps were dosigued and fabricated to serve as light sources for two
"sepanat sehlieren syetms. 1n addition an adjustable time delay
waI incorporated between the two spark 0ps. Ln order to utilize
very a41 i •Ui dolaya, it was neoeseary to overlap the two schleren
fields of views kencoe the two optical paths crossed at the test

eoction of the tube with an included angle of about 7 de~raes, This
leads to some slight discrepancy betwoon 'ýwo pictures of the same
wave. A few of these dual spark photographs wero obtained on loan
hydrogen-oxygen aetonations and ar shovu in iguroes 12. 13, and 14.
The tims delays between photographs in the figures are 7.0, 7.0 and
8.0 microsaconds respectively. Apparently there is a rotation or
oscillation taking place. The marked dif ferenca between these figures
suggests that insufficient tube length was used to insure that Ghapman-
Touguet detonation was established. It is planned to Investigate this
aspect further,

A=OYWLt:DGMAT

Sincere appreciation is extended to rroject Squid which
has sponsored a large part of the work and the formuLation of this
paper. Oome of the data presented was obtained anc reported under
an earlier Air rorcoe contract tOeferences 2 and 3).
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Figure 8 Det onationx WVave over a W;edge
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B. Greifer, F. C. Gibson and C. N. M"aon
U. S. Bureau of Mines

Pittsburgh, Pennsylvania

Introduction

A photographic investigation of combustion waves in gases
was undertaken to observe experimental137 the constitution of de.f L-
grat0on* and detonations, Althourh the principles of the techniques
applied were not new, the careful use of precision optical cvo.-
nents produced exceptionally detailed and revealing pictures. Pho-
tographs obtained for various mixtures of oxygen with hydrogen a&d/
or carbon monoxide support many of the colcepts on the mechanism of
detonation presented in the literature and permit a choice eang
several theories of detonation wave structure.

erlimnta! Procedure

A diagram of the laboratory set-up is shown in figure 1.
The explosions occurred in a steel tube of rectangular cross section
with suitable observation ports and were photographed by the
sahlieren technique. The easential components of the optical system
for sohlleren photography were a matched pair of parabolic re lec-
tore of 16 inches diazater and 128 inches focal lengthp a point
source of light at the focus of one mirror, a field slit at the
detonation tube, a knife edge at the focus of the other mirror, and
a rotatina-nirror camera immediately behind the knife edge. With
this optical system, density gradients were observed reslaily in the
detonation tube placed in the light path betvien the two mirrors.

As the resolution, i.e. the ability to separate the fine de-
tail in the photographs, depends upon the degree of optical perfec,
tion, the fabrication and mounting of the mirrors were subject to
rigid specifications. The mirrors were set into heavy cast iron
mounts which rested on concrete pillars that passed through the
laboratory floor into the ground beneath the building. These mounts
were massive enough to essure vibrationless support for the mirrors,
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yet were precise enoug tor- provi.de._ deltue micrometer adjustment In
three- planes, for focusing and alinng the- optical sytem..

The rotating-mirror camera was simple in design, & cul=
be con-astneed readis ft- commerlal:y avelabIer mte.r.3
has been described in detail elsewhere (1). A steel tube of rectan-
gular cross section, one inch high by 3/4 inches wide and 7 feet
long, was used for the hydroagen-oxygen work. To obtain detonation
vith carbon monoxide, it was necessary subsequently to add enough
hef--•nch copper tubing to Inrewm the over~- l lth to 5Y frt.;•
This change of size and shape is not believed to have any siguif1-
cant effect on the transition from deflagration to detonation, be-
cause this transition did not occur until the combusi,•on had pro-
greased well into the rectangular section.

In each experiment, the tube wva filled with a gas mixture
of known composition which was Ignited at the open erd of the tube
by means of an electric spark. Electronic synchronization activated
the schlieren light source while the combustion was in the field of
"•ev of the camera. Each print was mounted within a coordinate grid
anu1 the various structural features were measured directly.

ly •rogen-Oxygen Explosions

Figure 2 is representative of the photographs obtained for
stoichiometria mixtures of hydrogen and oxygen. It shows a detona-

: tion wave traveling across the field of view from left to right and
a reflection from a corner of the observation window which projected
slightly into the path. of the aombusti=n. The group of parallel
linLa behind the shock front in due to strains in the glass windows.
Note that the group is reflected elastically. the speed remaining
constant at 3140 a/a. This is to be compared with the reflected
"shock Ir; the gas which has decelerated from 314o0 m/s to 1350 i/s.

An important feature which may be observed in this hydro-
gen-oxygen photograph (figure 2) is the appearance of striations
with a positive slope. These striations indicate the presence of a
disturbance traveling 600 m/s in a direction opposite to the move-
ment of the detonation and will be referred to as "retrograde stri-
ations". It has been suggested (2) that these retrograde striations
are evidence of periodic velocity change of the detonation front or
of spinning detonation. This appears to be the first time that such
e phenomenon has been observed for stoichkcmetric mixtures of hydro-
gen and oxygen (3). The period of occurrence of the retrograde
striations in hydrogen-oxygen detonations is 0.4 microsecond, cor-
responding to a recurrence frequency of 2.5 megacycles.

Carbon Monoxide-Oxygen Ealosions

SIn the case of carbon monoxidce-ox)gen mixtures, it was
C possible to adjust the experimental conditiond bo as to obtain
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Sphotographs of deflagrtion and detonation and, in a few cases, of
the. actual transition frcra one to the other. Figure 3 is a photo-
graph of a. carbon monoxide-oxygen deflagration and figure 4 shove a
siallar dflagration Just before the transition to detonation.
Tigure % is a line draiing of the features of a defgrat1• on to Ie
compared with figures 3 and h. The transition from deflagration to

-detonation is photographed in figure 6 and shown diagramatically in
figure 7.

One feet=r of eamiaei le lMtaes;t 1.. t, ba lonoad-
hooks or "cusps" shown in figure 5. These are prominent in figure

3,, discernible by careful scrutiny in figure 4. and visible in thed.efagration region of figure 6. These cusps are located imriedi-

ately behind the shock wave, well inside the reaction zone. The
peaks of the cusps fall 4 to 7 mm. behind the shock wave in the

tube. This distance may be compared with the thickness of the
shock (0.8 =m.) and the 25-to-50 mm. average thickness of the entire
reaction zone. It is possible that the peaks of these cusps repre-
sent sites of energy release in the chemical reactions which trail
te shock wave. Such sites of energy release would form a cusp-
baped pattern on a streak photograph. It has been predicted (4)

that & flame front might be overtaken from the rear by veak compres-
saoi waves and thus be accelerated discontinuously. Sighting along
the line of the shock front in figure 4, we see that wherever such
a pressure wave strikes the shock front from behind there is such
an increase of flame velocity. This is pictorial confirmation of
the above prediction.

Figures 6 and 7 show a deflagration becoming a detonation.
The deflagration wave changes suddenly to a detonati on at point To

the transition point, and a rearward-traveling wave, the retonation

wave, marks the sudden release of energy. The fact that point T

(figure 7) is not on a linear extension of the deflagration shock

front may be due to the initiation of detonation above or below the

slit and off center in the tube. Other photographs have located T

right in line with S. The close resemblance between the shape of T

and the shape of the cusps is to be noted.

Figure 8 is a photograph of detonation in carbon monoxide

and oxygen im•rdiatcly after the transition point T; figure 9 shows

a detonation at a soacwhat later time. The co-linearity of the

shock front in the luminous and schlieren photographs may be noted

(figure 8), although the significance of this co-linearity is dimmed

somewhat by the consideration that there is a definite parallax be-

tveen a two-mirror xstem (schlieren) and a one-mirror simple re-

flection (luminosity).

The arcs between the detonation and retonation waves in

figure 8 are due to multiple reflections of pressure waves from the

walls of the detonation tube. The last of these arcs are still

visible in figure 9. These pressure waves originate at the moment
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Figure 7 - tzxitiation of Detonation in a CO-O2 ExplosJon

A - Combbtion wave reaction zone
G- Shocks '.n a s windms
T - Transition point
P Particle r'ttho
S -Shock in gas
D - Detonation front (shock front)
H - Horizontal stria.
R - Retrograde atria*
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Figure 8 - Streak Schlieren Photograph of Initii~tion of" Detonaticn
in a Liixture Containing 72.2% Carbor. Itnoxide, 21.6% Osygen, 1.1%
Hydrogea,, 5.1% tbi-ture and Inert Gases. Note reton.tion wave,
retrogr de striae, particle piths, and arc-shaped foci cLosed by
maltiple reflection of the pressure waves inside the detonation
tube. Each scale division equals 7.06 am horizontýlly, 4'.82
micros oeronds vertically.
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"+ OtmUclswtflte<dC)
of 'ranisition T. (figure 7} and the frequency or the reverberation as
shown, on the photographs is sonic and -. tas- to- the physical dimen-
5±Os 5 of the. tube.

The retrograde atriat4 lons are clearly visibe in a.1 tf-
carbon monoxide-oxygen photox,'hs. They are indicated by R in
figure 7 and are easily seen in figures 8 and 9.

A datailea. exa,.-a•,., oan.e figur, 9 shova that tha daetana
tion front conaists of a smooth featureless black line-the sdiock-
foUowed closely by a zone of optical gradients which approaches and
recedes cyclically from this shock. One retrograde striation is
formed during each cycie and direct measurements on the photographs
indicate a recurrence frequency of the order of one megacycle. This
frequency seem= too high for any kind of mechanical spinning phe-
nomenon in the gases, suggesting that the concept of periodic ve-
locity change. developed by Becker (5) and Lewis and von Elbe (6y
may apply here./

It is planned in the near future to supplement the present
photographs by end-on pictures of detonations to be used In de-
termining whether the analysis developed by Smith and Sprenger (7M
for rocket combustion is applicable to the gaseous systems con-
sidered here.

"•his work was supported by the Office of Ordnance Reaeareh,

Department of the Arm, Army Proýect 599-01-004s, Ordnance Project
TB2-OOOI 4
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CO" C ATION SHOCKS A"D 1= DETONATIONS 3

S. G. Reed, -T. and W. H. Heybey
7J. S. Naval Ordnance Iaboratory

White Oak, Silver Spring, Marylan4

INTRODIUTION

Rapid condensation of gas constituents in supersonic nozzle
flow leads to shock-like phenomena which have been known for some
time (1,9) and have been discussed by vario'w authors. The ax=-
thaermio character of these processes places them in cloa re3ation
to flow processes involving chemical reactions. This relation-
ship has been stated speculatively by J. Lt. Burgers (2) and has
been touched on more recently by X. Ost~atitisch (3); however.' a( detailed treatment of these rapid condonsation phenomena from this
standpoint has not appeared in the literature. Some steps towards
such a treatment are taken in the present paper by describing the
place the irreversible condersstions occupy within the general
framevturk of flow discontinuities induced by exothermic processes.
Such.a place exists because the laws of conservation of mass,
momentum, and energy are the foundation of the treatment of all
these flow discontinuities. It then- becomes apparent that irre-
versible condensation processes in supersonic flow are formally
identical with weak detonations and may be viewed as eumplea of
such. We call them here "weak condensation detonations.*

Chemical weak detonation fronts have never been definitely
observod (4). Theoretically, this gap in available experience is
commonly linked to the initiation proces3 (5,13). More recently,
however, the possible existence of three-dimensioral w~eak det-
onations has been demonstrated by G. I. Taylor (6) and of one-
dimensional detonations by K. 0. Friedrichs (7). Taylor gives
no hint as to the physical- conditions under which his solution
might be realized; Friedrichs, however, does discuss the exist.
ence problem, linking it with the bohavior of chemical reaction
rat6a,.

In the following we present; first, a discussion of the norial
condensation shocks in a steady supersonic air stream coutainlng
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a sn'1X portion of water vapor. This. enab1t ,, comparison to be
MacI6 with the standard treatment of stoady detonation theory,
Next-j the =asm of rapid condensation- oa a pure substance, e.g.#
stems, in steady nozzle flow is presented. Both of these e.amplee
show, that these condensation processes ere, in fact, ,week deto-
nations. A discsseion of the kinematical features of such aprocess in one-dimensionall unsteady flow is then given and compared
with shock tube experiments. Finally, the relationship of these
processes to the theoraticsl weak detonation solutions of

G. :'Frieihs is discussed. brL&M...

STEADY C00WkAtIoN SHOCKS IN AIR INDUCED BY SUDDEN GONDEMATIO0
SOF A SM URACTION OF WTER VAPOR

If a small amount of water vapor condenses in an air stream,
the ensuing cianges of the mass flow, of the gas constant, and
of the ratio of specific heats can be neglected. The simple
theory (10) considers tho -condensation merel.y as a hat source and
deals with the changes wrought upon a uniform air stream by steady
injection of heat energy, say of g calories per unit mass, at afixed station. This addition instan.aneously raises the oi
stagnation enthalpy (from ho to h+ + g calories per unit mass)
and, consequently, the sound sp3NO at a fictitious throat from
a* to a*I0 The disccý--tinuous change of state is governed by the
three conservation laws (of mass, momeatu3, and energy) which
permit a complete description of the trannition. Iil what fqllous
the states immediately in front of and behind the shock will be
designated by the subscripts 1 and 2, respectively. The dimen-
sionless flow -- eeds vj = uj/a* and = UZ/a*I are related by
the conaiervation laws W cbyil

+v 1 2 ) 4 f + )2. 4$2 1 )

where

ý = I + g/h= (a*'/A*)2

I* is seen that the velocity v2 -is not determined by v1
alone; the quantity g must also be kno.,n. 11;s numerical value
is probably connected with the speed With which, at temperature

* Tl, undercooled water vapor is condensing. This cundensation
rate cannot be determined from gas dynamical relations alone,
although there 13 a connectio;,, as v3 shall s-3e in discussing
Friedrich's *-ork at the end of this paper. Thus, the quantity

wg ill be taken here as an indeterminate parameter. In order
for v2 to be real, however, g obviously cannot be larger than

41
*:: This condition is imposed 5 y the three coneorvation laws.
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C) The ambiguity 1A sizn appearing in eqnation (1) can. be- ra-
miovod. Since- normal condensation shock.z have been obse1-red in,
Sueraoie-ot flow only, we first take it that vl >1. Secoadlrj, W
Ohafte- ostate can occur in the =vform air stream if no tySis fazmed at all& a* that v-&='i, if Q = 1I. These camditizs reqg

i!. the upper sign in equationl;I. Once Vie velocity v2 is thus as--

tablished as a unique function of vI and g, a simple analysis,
omitted here, shows that a normal coniens-ntion shock transforms
supersonic velocity at the front side iat, a (smAnler) supersonic
velocity at the back aide, at the samte pa s reasum a=d.
density. rt thus provid,_z for the same change of state aa would a
one-dimensional weak detonation front separating unburnt gas from
burnt gas in a chemical reaction process (5). The part of the air
strsam containing liquid water obviously corresponds to the burnt

*: gas flow.

!TMLATI:-SI{IP .•TI MLEAK DET=0iT•On

For a mathematical treatment in terms of a Hugoniot diagram,
one will first observe that the internal energy, e, per unit massof air, assumed to be a perfect gas, is the same fnmction of spe-cifle volume, ?, and pressure, p, before and behnad the front:

Tm 1

C, The equation of the Hugoniot curves then becomes

yp +TVp - PlT + 2g =0 (3)

It is seen that for parametric values of g tha curves here are non-
int3rsecting hyperbolas with common asymptotic lines

. Y- -Y-•= T+l•..Y + P 1• Y" + I

Adopting now the pattern used in conventional theory to exclude Meak
detonations (D,14), we replace the ideally sharp shock discontinuity
by a narrow reaction zone within which the heat is liberated grad-
ually. In other wvords, the ag-lomeration of v'ater molecules into
droplets is not 3Upposed to occur instantaneously, since it requires
a sma.ll but finite time t,: bG completed. It thus exctends acros~s a
narrow 3lab, which in turn is subdivided into individual layers.,
each characterized by the erount of heat liberated up to that layer.
The Hugonlot curve, equation (3), vith g = gi gives the possible
p - 'T elm+4onahip in that layer; the va*lues actually prevailing
are obtained "y the Intersection with the Payleigh line,

T, L 1 2  U?
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j.4
whers- denates the density forward of the shock and III i te the
supersonic •ach nmber at "hich condensation sets in-

MtO:NIOT CUTMES AND• PAYMEf1 L~ 4 C. 4-CM=

The slope of the Huunnict hyperbola at PI, according to equa-

tion (3), is - Ypl/-l. Since 1I1>1, it follows that at Pl the
inclination of the Rayleigh line La Istepar than that of the
Huioniot curve. lanaca, tha I£taactLm p•ints on Z-,&ur& Lulli.
la cherical reactionl procesno5, corresponl' t1o Iartnatons. We
denote Irr &f the final amount o* huat 1.Utorul1 h' LUe condensation
process, thus anairning a doafini;C vilue to 'I.e 9 arartater g. It

i1s geometrically clear that -. caanot be L, r~ar (for a :,Ivan
-RayleiLh line) than a cortal n amount o (which is given analyt-
icallyr by equation (2)). The HugoniotNtyperbola g = g will have
a point of contact w-ith the Payleigh line an Pigure 1. With deto-.natiolns this point describes a Chapman-Jougnist process (5914) for
which the velocity is sonic in th3 burnt gas, and behinid a conden-

x . sation shook the velocity u2 is kno;.wn to be sonic if tho maximum
amount of heat is liberated (10). ""1'.:N: ..

The successive states within the narrow reaction zone are given

by a sequence of points on the Raylelgh line. This sequence starts
out at P1 and comprises all the intersection points with the Hugoniot
curves for gg, until the point T , a the hyperbola g = gr is
reached. With c emical reactions ail these points would characterize
the momentary state within a weak de.tonation zone. Beyond T2 the so- I
oqueine cannot be •ontinued, because this would call for layers where
more than the -final amount of heat is liberated. In particuiar, ths
strong detonation point T ' cannot be reached. This reasoning evi-
dently is parallel to thai comronly used in e,:cluiing strong detla-
grations e5) and, therefore, v.wea:c detonations, since these are via-
ualized a. initiated by a shock setting off a strong de(1agration. .

IL uppears that this r-3chanism cannot ba upheld for weak condonsatioa
detonations; since they are real, they cannot begin with a shock.
L:easuremants by P. Wagener (8) reveal that, although on Schliere.
pictures the water condensation in supersonic .1r flw may have a
shock-like appearance, the actual reaction zone, as indicated by non-
isentropic gradual pressuro variation, can 1ýa quite wide (order of :-•
maznitu:-e 1 cm). It should also be noted that K. 0. Friedlrichs (7),

@1 in establishing the existernc3 off weak ditonations, never makes use

- of a shock transition in the unbirat gas. The Chapman-Jouguet process
k•!: I tppears as a iimiting case of wea- detonations. On3 can a1apt the .-. ,

arguwsints usually given (5) for the "stability" of the ChapLaa-Jouguat
point vihen approached from the "strong" sile alorg a fi tad Rarla'gh
line to show th-it th'3 poeint has also an anu!ogous stability when
approached from tho weak detonation side. A weak detonation cannot •
Procoed pasqt the Chapman-.Tbugu'et point. <

It can b• fairly objected that the discussion jus presented .
13 artificial in the sense that or g canot be arbltrarily fixed. ..
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Ta answar this objection theoretically vmW requim print or 0
S exieatanes. uniiqueness,, and stability ort to paisaw at bwaL

Friedrichs (7) ha3 shown the existence wM ' - w bA st Ow
s~ tabi.±ty7, of poszdble weak detonations. A piwetinal asi I
provided, byr the experimental ftat that stable aoadstfs afed

Vdo occur., for fixed starting conditionis, at a fixe UW motw

I. CASE OF STIDDEN1 COINMDZSATIQN OF A SIZZ=1 CONQ Ma

?be=, is, ofr cam-w, aitlyr aim Nbcmft ý ' ft an-
equilibritu= state that can be attained in a stak4s adiabstLe Or N
startinxg from a given initial state. Thia can be abo fbi" Vo
of the miecture of water vapor and air discussed above; ftr I~~L
'ye give here the Hugoniot diagr'~a for pure mater vapor'. gai
thermodynamic data for steams Hugoniot diagrams can be dmý OW
equilibrium conditions downstream or any given point. 11gm'. 2
illustrates the type of result obtained. AA' represent. the ein-
existen~ce line, below which two-phase equilibriim prevails. TM
dotted curve is -a dry-steam isentrope, continued setastably into
the shaded coexi~stence region to the condition Zl. The Hugoni~ot
curve H, corresponding to Zl and to equilibriumn conditions dose-
streams,. can. be shown, to be convex ai4 to. exhibit a sharp rise I*

the absolute value of its slope at its point of intersection with
the coexistence line. The R~ayleigh line through Z1. intersectsH
in the two points Z2 and Z2

1; Z2 is the waeak detonation solution
vapor observed experim~entall~y. If the expansion continueo down-
stream of Z20 it does so along a mixed phase adiabatic; and if
eq~uilibrium of the two phases is maintained, the adiabatic is
reversible. To our knowledges, no direct observation has been made
that the flar downstream Of Z2 is 3upersonic ir. the case of' steam;
In the case of the irreversible condensati-a of a small amount of

Vwater vapor iLa aLr,, or of air itself,. th~is has been confiriied tV
observation of' Mach lines (9,11). One cans however, calculate
sound speed at Z2 for stear, vcith available thermodynamic data obtain
flowr speed from the Hugoniot diagram (knowing the speed at tZ 2 and
establish that the f'low 13 indeed supersonic.* Jouguet's rle (5)
is. thus verified. A Chapiran-Joguet process would occur in the
special case ita vhich the R~ayleigh line was tangent to H at Z2.-

Figure 3 shows schematically a one-parameter family of
Hugoniot curves representing idealized proggressive stages of con-
doensation advanrcing from the "dry" Hugoniot H1(6 =0) towards the
equil-ibrium 1iu7.,oniot curve ii(F 1). It is taken for granted that
a sin-le si,"rif Icant pardmetor 6may be found corresponding to a
given rixture of' growing molecalar clust-ers (size larder th~an

- - --- ---------- --- --- ----- -------------- -- - -------- -- -nnnnnnnnnnnnnnnnnn--

*Thi9 can be verifiedi for the experiments reviewed by Ruedy
(ret'erance (220). Tha riathod of' obtaining the sound speed Is given
in re3ferenca (11).
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critixoalY and sin-lao molecules. THere the lfami17r af H-agniot curve-
is% . pencil eo3A-lecin-,,at. the point C because of the- singlae-phase
conditioni abw*- the cueetsteic ie, Ura We

% This dla-ram su-;es6'z; that the eaquence of weak deto)nation frol j
Z1 to Z, jrollowed by a norr=al shock- from Z2 to Z2 8, will guive the
sama end reomilt as a IdryN.- normnal sh.ock leading directly fromu Zt to
Z2. 0. It can be verified eas!).y tha.t this 0trana±.tivzs" relation a~t
t!be S&Mok Saobxtio Wan~ in. gawrxl...

CXCE -14710N SHOC:'13 IN MzD2ITIo1L MfADY F14W

In twodimensional stsady nozzle flow, n2,,A condensation

shocks bave boon observed onl.y within. a limited domain of Mach
?rEb~ruv in the majority of casies ths shocks are X-s v'j;ed. There
is, however, no resaon iAVy, in strictly one-dimeaa~ional flow,
normal abook could not ar~se at any supersonic Mach number. In
tZhs f~'Jl~ohif, someo considerations are offsred to support this vie~w.

__ In oxftr to obtain a variation of L!aah number, we deal with u&-
steady 'Uow as mya be produzced, e.g,.,, by a piston recoding ýmlth
uniform veloclt~y, , V. fr a semi'sinfiaite air chamber., Tbha air i&-
first taican an dry; Its Initiail state is denoted by the subscript
o. In an x - t diagram t.!a Clow proc'13S i0 characterized by aml penctl Of straight raretaction lines (Figare (4))., along each of
Which the flow state 13 Cixztant. This centered simple wave will
be defined by the condition ~~cnt

where u Is the local particle velocity and jr is th.3 Riemanm functionU Kwhich, in tho case considered here of in ileal gas, is kniown to be
proportional to the local valocity of sound,

2 a

The equation of' any raref'action (charact-cristi~c) line is then given
as

-7here 2A is the slope oQi. ~in I n the~ x - t~ diagram.

Abannion~n now tho aszriution of dry air, =~ stipillato theA

4 ~~~siov - Af as caer thatn b~amoua of~st~1~.water vapr. iphna ort pt be

*S aauntl ts-.-.to.e.:tonan hu a-tke iite x
*TT Q. ~ *
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will continue to expand at constar. entropy untilj at some Iater
ire ta.it attains a temperature T<T1 at which condensaton- takes
plae. According to a recent investigation by Kantrowita (16)*,
tba elapac time and tbe c=Lanae.ltto dela T -T wm a c204ted
by the approximat relation

,B (4)

where the constant B is of order 103 (degree4 x see). Here r,sat
denotes the saturation temperature at th6 pressure prevailing at
temperiture T; Tsat mast not be confused with the temperature TI,
where the vapor is saturated at the higher pressure pl. Obviously,
T <Tsat< Tl.

The location taken by the gas layer when it rmaches the tem-
perature T evidently indicdtes the momontary shock location. The
ordinate is known to be given by

t. t

whereas the abscissa follows from

U a3.- +)t 2

since this is the equation of the characteristic line along which
the temperature T prevails.

The Kantrowlta relation can now servo to set up tho equation
of the shock path. Every individual gas layer is characterized by
the time, t 1 , at which the air in it becomes saturated. On.
eli•inating t1 from equations (/) and (5) we obtain

t= B ()(T ... ...4(I -(= . .. (7

This is the ordinate of the shock path in terms of the parameter T
which, in the x - t diagram, determines the ir dividual characteristic-
linss. The abscissa is given by equation (6).**

* a a -a a - a - a -- - - - -..- - - - - -a - -

* Much of our discussion is independent of this explicit relation
due to Kantrowltz. See also Ozwatitisch (17).
** In the presence of the shock the dashed parts of the originally
straight rarefaction Unes (Figure 4) will alter thoir course.
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It s-Dn th the 3hack never can -be t I t-- the left, -f -'thea--" Acter•.t~ u Un T = T1 (stnoe, t would beoame negative-r I+•T> TI); inmbd-.ast* , t • T •I Ts the shock pathb Comig- fr. tb..

right, approaches as tat~la13l %b e watumtL=~ 'ell~twjt~~
ST = Ti. 11oreov,2r, it e.a intersect but once vdth any oharacteri•tia

ltne, since equation (4) is a unique funetion of T. Ai a consequence,
the. shock path, at an~y point P W~thin the fan,- wiflak a. larger
angle with the positive x-axis than does the raretiction line througb
P.?. Hawaj1 the ahwtk va1aLty re2l*ixe ta the. tzhe. mW.16 amsi

at P, as is readily verified from the fact that the slopes ot the
inters•eotin lines are 1/v and 2/k, respectively, The Mach nwbare
relative to the shook is

Iwenow follow tha shock curve as It approaches the asymptoti* lizw1 -,Sthe differeneo between V and- k = u - a becomes Increasinly =•all@"It is thus seen that normal condensation ahoolm can occur theo-

"retoa•ly at supersonic Maoh numbers as low as we may choose.

!resumably the highest Mach number w be found at the inter-a
section of the shock with the last oharaoto.istico, line on which any.
quantity will be given the subscript 2. The particle velocity here
is equal to the piston velocity

The sound speed can be obtained from the aimpleave, condition

It follows that

2 2 0L.~ su
The shock velocity V2 could be co.mputol tfrom the shock path equa-
"tions (6) and (7). One would have to introduce the explicit
dependence on T of Tea with the U33 Of the Clapeyron-Clausius
relatLonship of nat'irastion prnssure and temperature. It was found
that, in order to arrive at a closed formula, several simpli.ying
ass ptioas had to be male and that, even then, the ecprossions
became rather unwieldy. ?Mth more ease the velocity V2 can be ob.
tainel from the ihoCk path ±thi.Ln the zone of -con.tant state
exzndina between tV- piston path and the last characteristio line.
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.Z-tbm zons the Iantronrtz relation -.g' lvw-.

-. ,t.- = coast.,

•..in the idealized egasnlon .prooos considered here the gasa layer
'iAmmediate:ly adjacent to the piston is saturated at timne t3L = 0;ItO then denotes the time at thich condeation occurs in that layer.*

--- The condensation shuck makes its f'Jrat. • st t =t s x = Ut"A

It is not hard to deduce that tho path in the constant-state
zone of a gas layer that was saturatod at t =t 1  0 is the straight
line

Ut -xa 2 t.1 Ax

On elimin•t•rg t 1 from this equation and the Uantro-Atz relation the
shook path in that zone is found to be

This again is a straight line. Its reciprocal slope is

dt5 V2 U m 2  (Ji) 2 y Id-1

Reneethe Iah numr relative to the shock in the eonstant-state"
Izone twhioh Includes the last chractoristic line) becomes

_r and 0*o are given quantities. It is sGon that the Mach number 92

belcomes larxge if the piston velocity approaches the velocity

2 a0-o 0

The results of these considerations indicata that tfe apparent.
* restriction of normal condensation shocks to a limited region of

1ach m3nbers, as suggeateld by available exporimental evidence iA.
two-dimensional nozzle flow, is probably not founded in the nature
of the irre'ersible condenzstlon process.

* Relations 3uch as K&ntrowitz' cannot be oxpected to hold for very
2rmall times t'. Gilmora (21) has estimatel these induction times;
for conditions of interost here Lhey are of the order 13' see.
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ow~em~f~- soeks--ift unsteady one-dimensdi'ol flaw-bavw been
.. -*b 4 1,A .shooe tube--e ertents made at the of vSabtyo t@

"Ft~w Sr g e an exaple., That the condeaam ao shoo nm& .
an a st t line -wren w i-the e o fan is >l&1nad W Usfact tkat tbw ent pof e sipoie to & time Interval or about -
2/2 m1 econds during which the ation.shook velooity is not
likilky to change noticeably save in extreme-css,

Ma the eperiment from which PI~Z=s 5 ma -obftinsd tbA aftus
onV l 1uItZflM Plgixr It seourv to, ~ft e c clffmounr~trh se

from our discussion, the condensation shook should approach, aschp.-
totically, the saturated state, which would be the first rarefaot~oa
line, in Figure 5. The observ4 condensation shock seems to diverge
from the rarefattion line. The experiments of G. T. R. Vi.son (18)
may throw some light on a possible explanation. Wilson founid that
for.an expansion whtoh is very slow, as it is in the later stage
of an expansion such as Figure 5, and for saturate9a4dr relativeyfret of oondeusation buoleip a minimum expansion, ratio was required~s

before the onset of rapid condcnsation. The line T a To then Men
never be reaohed. The characteristic asymptotically approached 1W
the condensation shook In J.gure 4 may be relabelad the Mbm
lima. One ea& show that, for the time interval In Figure , the
shook line should be fairly straight and close to the Tilson line it
the expansion were an ideals cerared, simple wave. In fact, it is n
not a centered, simple wave ani, although velocity measurements can
be made in these experiments, one cannot determine the thermo-
din~amio. states because the path of the contact surface is not-
determinable from the picture.**

It' is Ltorestiug to remark that T. Us. (23 has observed

three-dimensonal unsteady condensation sho.ks due to Jet formationwhen a diaphragm In buret in a shook tube. These woald oorrespond ..
to the weak detonation solution indicated by C1. L Taylor (6).

DIMSCTO

A more detailed description of the weak oondbnsation deta-
nation processes discussed above may help to clarify their relation
to more familiar types of chemical detonation processes. U

If one tries to describe the processes occu.ring in the data- S
nation front itself, the theory of steady detonation wves (see,

Von Ne%=Imn (14)) gives some support to the notion that

* The authors are indebted, to Dr. G. N. Patterson and Dr. I. Olasa
of the Institute of Aerophysics, University of Toronto, for doing
these experiments at our request, and for permission to publish one
of the rosulting wvve-speed camera photograph..
- Possibly modification of these experiments in possible in which
the gas is allowed to push a piston, the path of which could be
measured (21). With this the condensation history from time zero
could be observed. O
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•dnaryr cbsmica I detortsions start: from a situation-in the -"-'.•borb*Ad -of a 1 1 '3 shock solution o-f the cons&rvatlow oiaao- fbr

the- un~bvoru S=a~tand.proceed along a SeqUence Of (local)- st,64y-
stataes tor tb Chmapn~u'Junit wan&M

In the case of tho owek condensation detonations, we have seen
that the analogous sequence of states starts in the .nnighborhood ofSthe awak" disturbanee ,solution and rama 4n,% tbee,.•

,fr beot sorts of 3etonation the eqdillbrItw 0'm0ZCMUT*F

species or phases is reached in a kinetic balance of f'orwerd and
reverse reactions. In the usual chimical process,. both f'orward and
roverse reaction rates increase with the temperature. In the CAmD
of condensation processes the forwad reaction rate (the condoensation)
decrea30e with increasing temperature whilo the reverse reaction rate
(ovaporation) increases. The process may cut itself off (i.e.1 e -qui
librium may be bsstblished) even if some of the vapor is not yet
"condensed.

"In order to obtain the weak condensation detonation, an un-.
stable condition is brought on. by means oft a fast adiabatl ew-
panslon., Two basiT mechnausms sre at work in such a eondsesatel
process. The first stage, as is well known, depends on the biild--up
of "critical" nuclei; once these are present in sufficient .- MantLty
the rapid stage of condensation commences. The first stage Ui
"hidden" ifisofar as it is not made manifest by any appreciable al-
teration of thermodynamic properties. The evaporation (reverse)
process depends on the presence of droplets and on the heat releaselus to tbal fast~ili growth,

This description prepares the way for a comptrison with tZe
weak detonation solution found by Friedrichs (7). Friedrichs has
treatedL the one-dimersional model detonation process as governed by
a differential equation involving macroscopic viscosity, heat
conduction, and a reaction rate. He has shown the possibility of
weak detonation solutions of these equations and has shown that these
will Lave an eigonvalue of locally steady propagation velocity for
given boundary conditions ahead of the wave and for a given Nm of
the reaction rate. In this these solutions have formal similarity
to flame solutions. Assuming a reaction rate increasing with tint-
perature, the weak detonation solutions are characterized as being
associated With a reaction rate which he term3 "extremely fast".
MLuch of his discussion is independent of this assumptinn. .- hat la
essential to the matter is the behavior of the solttions of his

*The fact that the disturbance is =all in the condansation cas
indicates that one might compute eigenvalues of tha propajationk
!bvelocity an appropriate modification of a procedure used for
flames (14); inversely, the pattern of solution fields for differ-
ent as.siumptions as to the reaction rate indicat33 moro closely what
conditions might have to bo met to have a chanical weak detonation.
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without waft Immrsee In teinpemtur.. The reaction rate bas two
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THE 3TR=UCTW 0? A SfEDY-STAM PLANS
DMONAT ION WAVE S1H mx~EAk~tN RATW 4

John 0. Kirkwood
Sterling Chemical Laboratory

Yale Universit~y

and

,illiam V.
sAlamos Scientific Laboratory

Los Alamos, New Mexvico

An analytical elaboratI.on of-vor Neumannea model of
the 4etonation wave Is presented. A bhdzodynamic argument
for the well-kno-n Chapman-Jouguet condition is advanced,
and the sound speed to be used therein Is identified an
that obtained with frozen chemical equilibrium, in agree-
ment with a recent result of Brinkley and Richardson.
Possible situations in which the classical Chapman-Jouguet
1zypothesis might be incorrect ara very briefly discussed.

The propagation of a plan detonatiozr wave through a
semi-infinite explosive medium Mes been die ussed theo-
'/. retbcall y a number of inve tigatoa el 3.mj,. beginni
with Chapman(") and Jouguete ) The central problem is
the selection of a unique detonation process from a one-
dimensional continuum of processes all of which satisfy
the usual conservation laws for mass, momentum, and energy.
The rule by which this selection is male is known an the
Chapman-Jouguet (denoted in the following by C-J)
hypcthesis, after these early investigators. The chemioal
reaction responsible for the detonation process has been
treated as an instantaneous transformation in many of
these dicussions(I-52 9,& 11). In particular, Brinklea
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detonatior- Under, this- assumption.

Chemical reeotion, etes are of course finite, and aw
+ua consequence the region In which the chem~cal transforma-
tion takes place must be of non-vanishing d~iensions.
Certain. well known properties of detonation waves !.n

• .finite geometry afford experimental verification of thiss,
azxaiz f act canida aahia Interest is attached tQ tkh

•1 'determimatlon of-such parameters as the react-Uo. tfmrs,

etc. The classical paper in the discussion of the
influence of finite reaction rates on the detonation
process is that of von Neumann(7). The present work is
essentially an analytical elaboration of his geometrical
discussion, which we hope will clarify several points.
Brinkley and RichardsonlI0} have also recently considered
this question, and our Section IV is similar in certain
respects to their work.

Our model is that of a fluid undergoing one-dimen-
sional, compressible, non-dissipative, adiabatic,
reactive flow.* Shocks are treated as mathematical Jump

* See ref. 12 for a discussion in which dissipative and
d:fus:Lon processes are consideredL.

discontinuities in certain of the hydrod!,namic-thermody-
namic variables. Among the variablus specifying t3 e state
of the system are certain composition variables A,
j J o 2# ...... r s corresponding to certain independent
chemical reactiona, r in number, involving the n compo-
nents of the fluid, which reactions are denoted by

2:

The are stoichiometric coefficients, positive for

products, negative for reactants, and so chosen that (1
expresses the transformation of unit mass of reactants 0

products; X,• denotes unit mass of component oc. The
are progress variables, specifying the increase in mass of
the various components within a fluid element of total

!5
.... ......
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mass- mr-due- to- the r chemical, reactions:

* ~~ d Xa~ etVA1 cia rzw n. (2

We6 assume throughout this aiscussion the existernz- of
local thermodynamic quasi-equIlibrium, such as to permit
the def.niftorrt of 1o-a1 temperatu I-, eta., vaid to perm "
the assumption that the various thermodynamlc quantities
may be regarded as functions of a suitable set of
independent thermodynawic variables. We also suppose the
Lagrangian time derivatives of the progress variables to
be given by

(3a

* 4
where and are chemical rate functions for the for-
ward and back directions of reaction J, given as ±unctbons
of the local thermodynamic state.

In regions of space-time in which shocks are absent
the flow is governed under our assumptions by the usual
hydrodynamic equationsI

I

, (4ac,

196
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-- 
A

dt at INC4

)t t a xV.. • 9 •. •t i,,tte.. dlen,,t; v th mas+,s 'eZot•2,-hr~-.1
a coordnate system with x as space variable, t aa time
variable; p the fluid pressure; v the specific volume
equal to/1l,; E the specific -internal energy, assumed to
be a knoWn f=unction of the local thermodynamic state, say
the variabl , where A denotes the set of
variables A; 3 the specific entropy. The equation of
state is also assumed, giving p as a function of A * e
and S.

From the alteativo form of the. first law

nh. as ky (5

in which)Adenotes the specific chemical potential, we
obtain the entropy transport due to chemleal reaction:

1el
'd F C A~r_(6a

dt T dt~

4 (6b,

Corresponding to the classical Riemann analysis of
the hydrodynamic equations in the non-reactive case, we
now utilize the equation of state, and the entropy trans-
port equation as well, to eotablish the relation between
the substantive derivatives of p, • and A- The usual
rule for differentiation gives

. )Oe (7
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A c

* we obtain atter ucme manipulatio•n the relation

where

* •-*'iPv 14 Oa

Tp
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here H denotes the specific enthalp, II.6 and Vcrespec-
tixeLU thf. 12AIAl. tba3:nd~am'o- Vpavt~sal. aplIta enthalW
and volume of component oc t wil be noted that the
quantities C P and C are the sound speed, volume
erpansuian coefficient, a;d constant pressure hat capacity
evaluated with the composition frozen at its instantaneous
value. The parameters ('dare thermodynamic variables
which. as we shall see, determine in conjunction with the
rate functions rl the explosive behavior of the medium.

Use of (9 permits the e3imination of the derivatives
of the density from i•he hydrodynamia equations&

(3.1

, peaii in th execed ple, u it no-ai

.i) e hn s in he (ha

We note that hese equations are simula, to the well-knownequations for non-reactive flow, the frozen sound speed
• ~appearing in the expected. place, but with a non-vanishing '
" ~right hand side in the first equation. •1e also note that

when our reactive system is at chem~ical equilibrium, the

right hand side vanishes, since ri becomes zero when the
forward and backward rates become equal. The appearance
or the frozen sound speed is of some interest.

The differential equations (1i hold in regions of the
flow which are free from shocks. Treating the latter as
mathematical discontinuities, they are governed by the

199



.q .. ' - -.-. - .- - .-. - - o tI.. -. . - - - - - - - - - - - -. -

- S- ... . . .

J±rIorooa and. VaOO

it. well-krown Rarkine-Hugontot. cordItUoMa

C- IL

(UCO

• in which Tj denotes the shock velocity and the otherSsymbols have their usual meaninwith the subscripts
- distinguwi hino the values on the two sides ofthe shocth .

These relations across discontinuities, and the differ'-
ential equations in regions free from them, supplemented

* by suitable boundary conditions, determine the flow of our
one-dimensional, reactive fluid.

S We now apply them to the pr'opagation of a steady-
state plane detonation wave through a semi-infinite
explosive medium in a direction perpendicular to the plane
surface. We suppose the detonation tq have been initiate4
at this surface at zero time, and suppose the boundary
condition to be imposed at this rear surface by a pro-
scribed motion of an infinite piston (see, e.g. refs. 7
and 11). We will consider only the steady-state detona-J I tion assumed to be approached eventually, at least for
some modes of initiation. Here we adopt the model of the
detonation wave used by von Neumann, in which the reaction

4 is initiated by a shock wave in the unreacted mediuj
precedlng the reaction zone. (The reaction rates rw are
assumed to-vanish in the medi.um in front of the shock
wave.) We denote by D the velocity at which this shock
propagates along the x-axis (taken as perpendicular to the
rear surface and pointing into the explosive), the un-
reacted, unshocked modium being stationary in this
coordinate system. During the approach to steady Btate,
D may depend on b, but is assumed to approach a constant
value as t increases. In addition to this assumption, the
notion of a steady state also includes the supposition
that there exists immediately following the shock a region
of constant length in which the various hydrodynamic
v~.riables are independent or time when viewed from a
"coordinate system moving with the velocity D. This

200
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&teady-zone Is- followed by a flow region -whose charaoter
Istz d atezz: by t.b rear boundary condition, In o-rt&i
aiSupfl". can" it my- have approximately thw- for* or
centered-rarefaction wave, reducing the pressure and -mass
velocity from their values at the boundary between this
region and the steady zone to their values at the rear

.. surface. We now proceed to discuss these two flow regionu
Csebatae1a. haSCIPAI)3 With the steaao la.

We Introduce the moving coordinate system mentioned
above.. For convenienoe we take as space variable the
distance measured backwards from the shook front. The
transformation. is

With this change of independent variable the differentimal
equations (1. beoome

04 ,

(14b

+ X i& rot(146*

4 AA. etc.--,- -"v"o -
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11ling tb rfat- two. uations to.A4 a~1 We obtain.

K. I 0.

[,Q- (I- Ab J
,!t

If we aUm a region of steady state behavior, the tt •
derivatives vanish, and the equations reduoe to

SJ(16

*It Is easily seen from these equations that the state
variables in the steady zone satisfy the Rarne-Rugoniot
relations (12, with states 1 and 2 being any points in the
steady zone. Since the cteady zone point just to the rear
of the shook is oorneoted to the medium ahead by these
same relations it in clear that we nay write

(17&7
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E-E (17a

the zero subscripts denote values oa the quantities In the
medium ahead; unsubscripted quantities are at any point In
the steady zone. Equations (17, coupled with an. one of
the differential equations (16, determine the state
variables as functions of the distance behind the leading
shook, for any assumed value of D.. The latter Is not yetI determined.

We note that we will encounter difficulty in
integrating (16a or (16b if becomes zero. Sin=e the
flow back of a plane shook relative t6 the ohok feout Usalways subsonlo, 1 will be pouitive at 5 - 0

IV
Corresponding to the classical Riemann analysis for

the case of non-reactive flow, we anticipate that, for
piston motions opposite in direction to that or the motion
of thedetonation wave, there will be a rarefaotion wave
of non-steady character reducing the pressure i its
value at the end of the steady zone to a lower values,
possibly zero, at the piston surface. Consequently wedevote this section to a brief discussion of ths haarae-
teristic curves of the seb of differential equationa (11.
Without reproducing all the steps, %e state the results as
follows. The set of equations (11 is always hyperbolic.The characteristics in the x - t plane, r + 2 in nnuber,ae given by the following equationst

I.,., ut 6(18b
atjt
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The tfit tim a stam-m be thought ofan giir
the paths of as WLd through a-gLven point Ina t... -X t. plans. Mhe othex-- €ch eteristl",s are degeewratft.&.,

&2 colmnding wlth the streamlInd through the point.

Theae results are similar to the well-known result.
for non-reactive flow, ca appearing in the place of the
ordi~nar ncon-reacive saund speed... TM" 1a". All am

mportant d•r•feenoe; equations (I1 are not homogeneous,
and therefore not reducible, contrary to the a&" with
the non-reactive equations. Thus part of the usual .theo
of hyperbolic flow fails to ca•ry over into the reactive,
case. .. However, cert;ain gener~al pr~opor-tion of hyperbolio.c:.",
equations romain, anong them the following: the boundary
between two aoae-time regons in which the flw reo eUfferet typ (for NAM10a rof S" hyprbofliw
lix ateS adjacent to a re ~on in uhlicri the row is non
ate mut be A oapracterio Xn- the next isection

*we Mak n MM anE app ~call-onof this prinoiplaW.

o,4
,%%

on o• h2. p••o•.. . ,-.

We now proceed to draw certain conclusions concerning

the detonation process from the analyses of the preceding
two sections. As noted at the end of the last section,•
the boundary between our steady region and the succeeding
flow must be a oharacteristio curve, ascuming that the
differential equations remain valid acroes the bonMda -

i~.assuming the boundary is not a shook. It then
follows that the flow variables ame continuous (not%
necessarily their derivatives); hence the flow variables .2
are constant along the boundary, and It follows from (18
that the boundary characteristic is straight. Since it is
clear that it cannot be a streamline, and since in our
coordinate system the wave Is forward facing, it must be
a u + ao characteristic. Still further, in order for the
x dimension of the steady zone to be constant in time, it
is necessary that the slope of this charaoteristio in the
x - t plane be the same as that of the leading shook -'
locus. We obtain as a necessary conditin- at kh-o end of
the steady nei-

1+ (19

a result wIicl has also been obtained by BrInkley and
Richardsont'10)

Returnlin to relations (16 for the steady zone, we li
204



noý -that -the precading reialt mak- IT- the de='io the en,.:,1MAIM-o r-A and L b vans. In order tw-
Savoi.d air;nar in_ ths erivat,•ves the numem• W

tore nust also vanish, which requires as an additional
ectkutiou at the end of the steady zone

These two Oayatiopus,(19 and (20 may be taken as a gener'al-
ized stateinnt of the C-J condition. That the indetermin-
icy of (16 In an It should be In readily approolated from
the fact that (16 holds for the space derivatives in both
d~iractiomt, at the an or the steady sa. The indeteji.acPthus Perats thece derivatives ,to be diaoont-inuous at;
the MA of the steady zone, a,•.din. p'ticuler allows the
isrlvatiws-on the non-etesWy side to be tim depen4ent.

Cowm-•,(20 In eatisfied i al, the rate fu•tios

Sr- Ot j • i,. ., (23

aoesPondin to inatantaneous chemical equilibrium. Thisb
oaupled with (19 co seaponds to von Kummnns nor=l 04

"001010M6,. It Is the am in o0e=n use; see, e.s. Lewis
and ftl .), •er b,.Makos• ard'oo-vak •).0

41 t meay be noted that'the C*-T oonditlon used 'by these
inveotigators actually implies the une or 0o0 although ithas apparently bean regard an an approximotongto a
sound speed defined of/q_.• _ _ •,

W I a e notel that (8 1, n 2,wt the C.Jcon ition ose by ate

t taken asn (Ap V), constitute r + 4 equations
*for the r + 4 unknowns D,p v, u, and X. Thl wemay

expect to be able to solve then for D and the state
variables at the er-. of the steady-zone. Of course, in
actual practice, rcher than (21 one uses the ordinary
relations for chemical equilibrium

Z .o PO(
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or all r3 non-vanishings, dM coma or th "6&
he at~re Cor conceivably some of the r)f; this c.•..respondsto von Neumann's pathological case.. In this cas.: vobtain a Sufficient number of equations to determine D andthe C-J values of the state variables by eliminatingfom (l16C& obtaining r - . eqwzaons,.a.

-- r (23

These may be integrated by use of the initial conditionsat the shock front; with (17, (23, (19, and (20 we then)btain r + 4 equations. In general such a calculationrequires explicit knowledge of the rate functio in.Saddition to the usual thermodynamic Ono tad ahi Is o
eetrasted with the normar cade, where the latter informa-
tion suf ices. There might even be multiple zeros of

Swhich case the C-J condition is ambiguous.

K For the special case of a single reaction the analyascan be carried a little furthert the Particular case inwhich % might become negative while )I is positive, C1thereafter remaining negative, so that. the C-J point wouldhave to oorr, spend to r - o# can be eliminated. It ispossible to show under reasonable assumptions concerningthe finiteness of certain thermodynamic variables, thatit is impossible for to vanish under these conditions.
kiso, for the case of a single reaction, the relationof our treatment to von Neumannts discussion of the patho-logical oase, in terms of the envelope to the family of

partial Hugoniot curves with Parameter X , is readlilyseen from the third of the equivalent expressions for 0%given in (10a. In this case also, the calculations ofdetonation velocity can be performed in the pathologicalcase in the absence of detailed knowledge of the ratefunction, since (20 reduces to d"% o, which is a purelythermodynamic relation. It Is, of course, necessary to1know what reaction is involved.
No example of a pathological detonation is definitelyknown. From (10a it is clear that a negative e"' requireseither a volume decrement or an endothermic reaction under

"the local conditions. Thus the possibility of pathologcal
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behavio.r my aria* for instance, gaseous detonatici
rnot too strongly elothervAc involving an over-all mole
"deorxeents, or dIn atio- Im whiah• an ezothe rml

Sreaotion is succeeded by an endothermic one, possibly
involving A mole decrement. rn condensed explosives the
situation in considerably obscured by uncertainties in
our p•esent kwwledge of equations of state, not to m
ti-c ki- 148.. LA Doasiha% I&mp. migxt am=u In. tbaL a"&
of aluminized exploslva.,
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W. E. Deal r
Los Alamos Scientific laboratory

Los Alamos, Now Mexico

BASIC PRINCIPtZS

A steady-state plane detonation wave has been shown by
v=~ rvua (1) t~o consist. of &a, sock followed by a reaction zone ef
decreasing presrnure terminating at the Cliapman-Jouguet (c-J) plane.
The unsteady flow behind this plane of complete reaction has been
described by Taylor (2);, such flow is essentially a rarefaction wave
centered at the rear of the explosive. Tihe genera'lly accepted picture
of the pressure profile of a detonation wave is thus much lIk~e that of

* 7Fi~ure 1.

Svon N~eumann Spike

CC-J 
Poilht

SPI"Taylor Wave

, I

unwreacted Ireacted
explosive explosive

DISTANCE

Figure 1 Pressure Profile of a Detonation Wave

When such a wave impinges upon an inert material ir contact
witn the explosive; the wave transmitted is a. shook followed closely

* .( by a steep rarefalction whi~ch is in turn followed by a more gradual
rarefaction. As this wave travels thru the material, the steep rare-
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fattion overtakes and destroys that.
portion of the wave corresponding
to- veow WNem spike. Then In

the rarefaction corresps lug to.
the Taylor wav gradually redufet
the pressure of the remaining shook
front. Also, a shook or rarefacUo
fN reflected back Into the expaoelk.,
If the3SreasuVe of the shock front
in the inert material is plotted an
a fumntion of mterial thicLkness, a
curve such as Figure 2 results. Ps
of this figure orroesponda to the
pressure at. the end of the reaction
zone in the explosive (the O-J
pressure). Since. in these experi- i-Aterial Thiekness---"
mnts the effects of the von Ne=nn
t-pike will have becoe attenuated, we
can limit theoretical consideration Figure 2 -hock Front

*~~ to a *LZPl. wave rising only ta the ~~ 0
Chaman-Jouguet pressure. If pressure a m]oleae
and partilee volocities are equated

across the interface onr oibtains. the
equations

, Here,

Pc-j Is the Chapman-Jouguat pressure In the detonation,

"Pm is the pressure induced i4 the inert material.

The•*Is are densities, and

the D's are shock (or detonation) velocities which are
particularized by the subscripts:

Sreferring to conditions bebind the incident front

r refrbring to conditions behind the reflected front

t referring to conditions behind the transmitted front.

Conditions in front of these waves are referred to by a superscript
zero accompanied by the appropriate subscript. All velocities are
measured relative to the fluid in front of them.

If the further approximation pjt:,= /o is made (3), the inter.-
lace 6quation can be written:

_-, - .-- ,, - .- w-- . : -, . . .- ,,-. ,• r ., ,-- _ • -•.. :. ._ __ ,_ _ _ .
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~~c-2J = m p Dt

lbaC- prswe is than determine~lsne4ad alum,4 a ~ mi
measurable initial densities of the material and exposive, DN is the
readily measurable detonation velocity (4), and Dt and PM are avail-'
able from equation of state data it one hydrodynamic variable of theS
C-J state is measured (5). The quantity established in these experiL-
sent.& uas tha fmaa..zf acae mocot csapondl vg ta P&a in. Figum. 2...

&tn alternative method which also ignores the presence of the
spike, but tends to minimize the effect of the reflected wave into
the explosive is to establish Pm and the corresponding particle
velocity for each of several materials of different shock impedance.
These define a curve in the pressure-particle velocity plane. This
curve must pass thru the C-J point since it is really the locus of
all possible shocked and rarefied LatA3s (for one direction of wave
travel) for the reacted explosive. From the conservation equations
one can writet

Vo - Vd

where V is specific volume and the subscripts d and o refer to
initial conditions and conditions immediately behind the detonation
front, respectively. Thus, a' shown by von Neumann (1) andillustrated in 3is thelope in

Hugoniot of Unreacted Explosive

• P •C-1 Point

I Line of lope (p,0 1)
I

• -I

Vd 0S ----- V -p

Figure 3 - The Dotonation Process in the Pressure-Volume Plane

the pressure-volumi plane of the line containing both the spike peak
point and the C-J point. One miiy also write from the conservation
equationsg

SPd.

• (11



I .whe u is the particle velocity behindt & s•h.c. m ntvn into- a tatton-
ay -medium. The straight line 2.n •he pressure-pexticle velocity plane
passina thrm the origin and of slope PoD must then. also contan the
C-J poinnt.. Hence, the intersection of the axperimentsa&y defined
c=rve and the line nst be the C-J point.

MaXERIMEWAL TECHNIqE 
I

The value of free-surface velocity corresponding ta PM f= •

a en osIve and material is eetablished 4 measmrement a reae.-
wuThm velocity of an explosive-driven plate as a ftnction or patw,
Sthic'aest'. These velocities are measured photographically oy the use

of & rotating mirror smear camera wiTh a writing speed of 3.2 rm/ •sec.A Lucite b3.ocx aseemDly like that of Figure 4 is placed with the

SWi era View

Slit _ _ _ _

3 Mil gon 8

5."a.

Figure 4 - Lucite Block A.3sembly

two outer shims adjacent-to the surface to be studied. This. is then
* viewed by the camera thru a slit parallel to the long axis of the

Lucite piece and swept on the tilm in a direction perpendicular to the
slit image. When the explosive-driven plate on which such an assembly
is placed begins to move, the argon gaps near the surface are closed
first and yield a brilliant flash of light of short duration. When
the free surface moves the distance d, it closes the central gap and
yields another flash of light. The gaps and shims are made as nearlyi4 'identical as possible by machining with a single, shaped cutter and;• using pieces of shrim cut from the same piece of stock. Good contactof shim and plate are assured by holding flatness tolerances over the

contact surfaces to 0.0001". Identity of the central and sida gaps
"closure times is readily established by a simple argument.

A print or a resulting camern record is shown as Figure 5.
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Such records are read .ith a coparator and- plotted; Interpolation of
th tjjo side traces yields a time of' -iepoarture of the central free.
surface which along with the central arrival trace gives a transit
tim and. hence velocity thru the accurately measured depth of tba .ep.
Depthq of steps in the Lucitor blocks are chosen such that there in not
tire for the second. shock arising fr the rarefaction reflection at
the explos3ive interfac.,e to return and -affect the free-surface vrelocity.
Also the step widths of Lucite blocks alre chosen so that the central.
trace can not be affected by disturbances of the plate motion by parts

C of the block contacted earlier by the plate. Up to twelve such, Lcit
blocks 2. x 1" x may be placed on an appropriattly machined plata
to get free-surface vclocities for twelve plate thicknesses fr=m a
single 10" diameter charge.

DAMA PLN10 RESUIMS

Charges of T.T, Ccmposition B, 75/25 Cyclotol, a•d REX were
studied. The TNT charges were in the shape of t~ru- -ted cones 8?,.
thick with 8 3/8" diameter at the small end and 2; ,.,' meter at
the large end. These were pressed without a binder to 99.1% of cry..
tal density Pr=~ a gram.ular TIMT of about ~40o IL Med~ian particle size.
The TNT charges were d~etonated on the smnall end. All charges were
detonated by plane explosive lenses of 8" aperture. The opposite our.
faces were placed against the test plates with 'a thin layer of mini-
eral oil filling any gaps due to machining tolerances. The Coinposit~fo
B and 75/25 Cyclotol charges were 8" thick, each made up of two 1O"X
10"x4" blocks of cast material. The Cr.mpoaition B was 647% POX vith a
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spread of 1.% utthin; a. piece. The T5/05 Cycletol, was 77.0% w~l it~s-
a a wrad of 1.5% within a Piece. Mhese cwpoeitior were based upon
amples taken fram similar castlngB. The RDX chargs were 6" thick
=&da v fcf two cylinders 6" in diameter and 3W thick pressed (6} with-
cut abfder to 9T.T07 of" crystal density from a granular RDX ef •1i00
median. Particle size.

Tables I thru IV are 1.stings of the free-surface velocity
and thickness data. These are plotted on Figures 6thru 9. ""
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* Prese. TN is Ty i Pae

charge density 1.6o4gm/cc. charge density 1.639gm/ac.
pwate demity 2.793 plate density 2.793

plate free-eurface plate free-

,...9•. sec. 2.494.mm/p, ec.
* I ~~.069" 2 4-3(_ Lsc .069"&21t

S.454 .094 2.1+66
.119 2.421 .11 2.414
.142.1419 .12 44

2.312 1 .373
.3 2. . .33.291 2.360 .294 2.3W4

44238.344 2.309
.394 2.350 .394 2.298
•.4 2.• .2,336 2.3W

.469 -.3o9

.493 2.319

Shot No. Shot No. 4

charge density 1. 6 39gm/ce. charge density 1.64Ogm/co.
plate density 2-793 plate density 2.788

plate free-surface plate free-surface
thickness velocity thickness velocity

.074" 2.4 144n/Isec. .979" 2.287,,,,/pe.

.099 2.436 W.99 k.3l1

.2L24 2.417 .979 2.2T3

.149 2.400 979 2.285

.199 2.362 .979 2.264
..249 2.344 .. 979 2.267
.299 2.307
.349 2.319

V399 2.319
.1449 2.317
.1474 2.308
.493 2.324
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Table II

sh Va. tk 5 wn-?, X , t

charge busxtW Lfr.7 efoc. cuarg ftus r ZWO
1D~ate ty 2.753 Elate dwt-*:

thic@khss vec6i0i thickness velocity
3.3O9Iy. a...096 3104

.•23 3.358 .125 3.382
.150 3.332 .151 3.366
397 3.359 .2W/ 3.36

.199 3.320 .2W 3.322

.2149 3:314 .2149 32

.300 299~.~o 3.5

.399 3314.

.400 3.30: ..4o0 3.253

.500 3.24 .o45 3.229
.1482 3.226

charge density 1.7-1 V/ic. e-iarge density 1.711 ga/cc.

thickness velocity thickness velocity
•100" 3.357*/jLw. e075" 4 /pe.
.143 3.322 .100 3,14n -
.20 3 .3a .125 3.393
.2n1 3.278 .150 3.352
.296 3-2 .200 3.3214
.348 3.236 .250 3.295
.• 3.02 .300 3.-9M
.45c 3.207 .350 3.265

.w3.1714 .400 3.26-1
P" 050 3.263

SShot No. 9 .1475 3.229
charge density 1.713 ge/cc. .495 3.247
plate density 2.788

Splate free-eurfac*

thickness velocity
.964" 3. /09EN7 a 0ea.

9& 3.32.9
.964 3.n6
.964 3.172
.96& 3.117.
.9614 3.145

.9& ~ 3.16
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7 25CYz1oto3. on Dural Plate.

charge- de ni~t~ 1.?42 So/ee. 6h&r&e& deumity 1 .7"Ia 9s/CC.

_late density 2.79 t 279
plate fee-suraceplt reufs

.0513.)3dinmI4ec. c14

.125 31M
.10 3 *)97  .1149 3 ily
.203.4~64 .199 314149
.203.46b3 .2149 3.113T
30-3.449 .2w9 3.11 22

0351 3.465 #,349 3.389
Am0 3.441 Z 9

.450 3.434 :q33k

.1491 3-3514

shot ITO. 2 She., ITO-13
charge density .43 n/, ca de22sitY 1.7144 gm/ce.

pltede iy2.793 pl.ate deity 2.793
plate f~tree-surface plate free-surface

thickcness velocity thick~ness 'velocity
N,. .075"ý 3.538nm/Itsec. .100 3.19zz4sc

.100 3.5142 .150 3.1462
.125 3.1497 .250 3.1433

.119 3Q~-350 3-399
.250 3.1461 .496 3.379
.300 3.441.45 .4]

.1400 31418

6496 3.1401

shot No. 14
charge density 1.744 gm/cc.
plate den ity 2.7i88
plate free-surface

thickness velocity
qt=62 3.2147=m//& see.
.961 3.273
.961 3-273
.961 3.29.1

.961 3.285
N.961 3.312
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RI a-Dural. Platew

sht so. . ft. is
-- o 0, dmitr 1.-f p/ow. -ae defty• 31-760.80M
U3 "a deusity 2.790 plate density 2.790

plate free-sturfma plate free-surfao.
thickness voloc it thickness Velocity

.101" 3.565n/;sso. . 3, 10=/Is ea.

.201. 3.493 2
-.31 3. 473 .304
.1o00 3.458 .1o 3.11:9

.1493 A

Swot No. 17 Shot No. 1l
a' charge-density 1. 7 &. p/.o, charge dend.ity 14.763 P/co.

plate d•nsity 2.790 plate density 2.790

S- pate free-.urfa, p,1te, free-surf ace
,tikaa.o~m velocity thq of velocity

03.593zi/poo. .0 3s57WU/pue.
.201 31471 .201 3-481

3.1483 3.468
.1398. 3.463

3.146 .149 314149

* Sot No. 9
charge density 1.759 jp/oc.

-': plate density 2.790

Plat. free-surface

th.,cknesa velocity

.9w ~ 3 251=/psueo.

.999 3.289

.999 3.293

.999 3.e07

.999 3.23
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The TIM data shopw definite evidence of the presence of a spiko
in the exploave. SWfi•clent.ly thin plates were not used for the othel
exploatvea to show the spike.. Linear least squares fits made to the

V data for plates thicxer than1 012" for T=1 and for all data for the
other explosives yield the slopes and interceits of table five. The

Table V.

Explosive Intercept - m=/j sec. Slope - mm/Usec-inch

Cc•position B 3.389 o.220% 0.287 5.6%
75/25 Cyclotol 3.534 0.18% 0.276 s.2%

RPfX 3.582 0.31% o.295 6.9%

errors quoted are standard deviations. A linear least squares fit to
the TNT data for plates thinner than 0.2" gives an intercept of
2.526 nmn/ sec. and a slope of O. 8 19rn//Asec.-inch. This intercept
corresponds to a spike pressure of 0.194 megabar. The intersection of
the spike line and that of table five for TNT gives a free-surface
velocity (tUn) from which lin can be deduced and C-J pressure calculated.
The use of linear fits to the date is justified only by the relatively
small d•eViations of the data (see Piguree 7 and & ) fro=
straight lines. The use of the extrapolated velocity to get spike
peak pressure for TNT is, however, highly in question. Since the spike
decay thickness for each of the explosives, exclusive of TNT, is cer-
tainly less than 0.1", less than 1% error is introduced by using the
intercepts from Table V for the values of Urn, Thus the C-.T pressures

: of Table VI follow from the interface equation. Velocities In the

S~Tabli VT.TNT Ctmmosition B '1512' Cyclotol RDX
S .Um 2.338 .389 3.582

338 3-534'3.8

Da 6.961 7.646 7.733 7.762

i 0.2244 0.3562 0.3753 0.3817

S2•.792 2.792 2.792 2.790

A P 1.64O 1.712 1.743 1.762

Di 6.951 8.022 8.252 8.622

Pc-j 0.178 0.293 0.313 0.325

table are in =1m/sec. and pressures are in megabars. The metal pres-
sures quoted are thought to be accurate to 1%.

Other work is in progress to ottain these C-J pressures usin-
other materials so as to clear up the uncertainty regarding disturb-
ances reflected bacK into the explosive.
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SMEASUREPMET OF THE CHAPXAN-JOUGUjET PRESSURE AND
REACTION ZONE LENGTH I A DETONATING HIGH EXPLOSIVE lb

Russell E. Duff and Edwin Houeson-
Los Alamos Scientif.ic Laboratory

Los Alamos, New Mexico

INTRODUCTION

In 1945 Goranson(I) suggested that the reaction zone
of a detonating solid explosive could be investigated by
determining the initial- f r4e surface velocity iuparted to
thin metal plates as a Itunction of plate thickness. In
particular he showed that reaction zone length and Chapman-
Jouguet pressure could be estimated in this way. Unfortu-
nately, the original results obtained by Goranson are
available only in a classified report from this laboratory.
This paper describes similar but improved theoretical and
experimental results obtained during and since 1950.

THEORY OF THE EXPEUMMENT

The generally accepted picture of the struct, re of a
steady state, pldnTjetonation wav yas proposed i cepend-
ently by Zeldovich von NeumannJ3 and DfSring(. The
wave is assumed to consist of a non-reactive shock followed
by a steady state reaction zone which is terminated at the
Chapman-Jouguet su-rface where the local flow velocity plus
sound speed equals the detonation velocity. It can be
shown that this condition is fulfilled at the point of
tangency in the p-v plane of a straight line from the ini-
tial state to the final Hugoniot curve calculated for a

fixed composition of the product gases. (More specifical-
ly, the C-J point is the tangent point on a Hugoniot curve
for the product gases whose co.position is assumed fixedat the equilibrium values appiopa'iate for the tangent

point. The relation of this statement of the Chapman-
Jouguet condition to the usual statement, namely, that the
C-J point is tha tangent point on a Hugoniot every point
of which is in chemical equilibrium, is not clear at the
moment because of uncertainties in the equation of state
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of -the detonation, products. The former statement can- be_
derived from a-re.ent theiwcaInvestigation, of the

structure of a steady state, plane detonation wave by
Kirkwaod and Wood, J. Chem. Phys. (19541. It should be ."
Ser~oCMe that -this statement of the C-J condition. hsf bee&
shown to apply to all detonations which are not pathologi ..
cal in the von Neumann sense. Finally, no pathological _
detonation has yet been observed.) Figure 1 shows a re- ,
presentation of the detonation process in the p-v plaz.
Reference to the laws of cnservatia of0£ mass and momen•um
shows immediately that if viscosity and heat conduction
are neglected, the succession of state points assumed by
the reacting explosive is represented by the straight line
from plv, to the C-J point. The rate at which an element
of explosive passes from plVl to the C-J state depends on
the kinetics of the reactions involved and cannot be
determined from hydrodynamic considerations. It follows,
therefore, that the pressure-distance profile of a detona-
tion wave consists most probably of a monotone but other- 0
wise unspecified decrease in pressure from pl to P,-j in
an unspecified distance. Two profiles often considered
are shown qualitatively in Figure 2. They correspond to a
reaction rate determined by grain burning and to a rate .

determined by a first or second order adiabatic reaction
of the Arrhenius type. The unsteady flow behind the (5)
Chapman-Jouguet plane has been investigated by Taylor .

This flow may be simply described as a rarefaction wave'
ending either in cavitation or in a steady state region
required to match boundary crnditions at the back boundary
of the explosive products.

Vhen a plane detonation wave is incident normally on
a metal plate, a shock wave' is transmitted.±into the metal --.

which is followed by a rarefaction wave corresponding to "'
the pressure drop in the reaction zone of the explosive.
The foot of this rarefaction wave will travel with a velo- 0
city equal to the sum of the local flow velocity and sound
speed. It will overtake the shock in the aetal after the
shock has been attenuated by the rest of the rarefaction
wave. The strength of the shock wave will decrease rela-
tively quickly as this interaction proceeds because of the
small thickness of the reaction zone. As a result, the
velocity imparted to a thin metal plate,, which depends
directly on the strength of the shock in the plate, should
change with plate thickness qualitatively as shown in
Figure 3.

It has been shown that to a very good approximation
the shook particle velocity of a metal in the high explo-,

sive pre re range is one-half of the free surface
velocity•J. This fact makes it possible to determine the
Chapman-Jouguet pressure in the explosive from the free
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process in the pressure-volume plane.
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surface velocity of a metal-plate corresponding to the end
of the interaction caused by the reaction zone. This
veocty-is v in Figure 3. An im=edlate consequence of-tkin
laws of conservation of mass and momentum Is that the l'em-
sure behind a shlock wave moving into a medium at rest Is

... p-p'uD (1

where f? is the density of the unshocked material, u is
the-. shock- art' c"Ia ve-locity, an& D1. la the shock. voice It?..
In all of the experiments discussed in the next section
the metal used was aluminum or dural. For these materials

Walsh(6) has determined experimentally a relation between
shock velocity and free surface velocity in an investiga-
tion of the equation or state of the metals. The pressure
in the metal can therefore be determined from the measured
metal density, the free surface velocity, and this
relation.

fBy applying the usual boundary corditions of equality
of pressure and continuity of flow velocity at the inter-
face between explosive and metal, the following expression
can be developed relating incident pressure in the explo-"
sive to transmitted pressure in the metal.

PDt (•IDi + Apr (2

X, The subscripts i, t, and r refer to properties of the
material in which the wave is respectively incident,
transmitted, and reflected - in this case the undetonated
explosive, the metal, and the explosive product. The
superscript a refers to properties in front of a shook
wave. D refers to shock velocity relative to the medium
ahead of the wave. The pressure in the explosive, P' can

now be calculated if r is known. An errcor analysis of
this relation shows that

',Px P (piDi - PtDt) PP'r 5__r)

,+ r) (P/Dt + f'Xr) PPr

If the acoustic approximation is made that i " r
and values p.ppropriate for Composition B (nominally
60% RDX - 40% TNTI) are inserted, then

S= - .1 r

Thus it is clear that the Chapman-Jouguet pressure is
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S. quite insensitive to- the value oft assmed. "urther-

mare, the aooustia approximation correct insofaa- as the
v2.ocity of the reflected ahock can'be agsred, .eI;ta1
the velocity of a rarefaction wave in the product gass.

mATherefore, to a good approximation

pm

An estimate of the reaction zone length can be =ade
from a determination of the distance required for the eW
of the rarefaction corresponding to the Chapman-Jouguetplane to overtake the shook wave in the zaetal. This dig-

tance is 1 in Figure 3. If it is assumed that the metal
is a perfect impedance match to the explosive so that no
wave in reflected back into the explosive, an x-t repro-
sentation of the interaction will be as shown in Figure 4.
The interface is initially assumed to be at x - 0. A deto-.
nation wave omen in from the left with a veloocty DL.
The reaction zone length is a. The velocity of the inter-
face through the reaction zone is J. DI the shock velocity

I;. in the metal is D4 _, and the velocity of the foot of the
rarefaction wave ua ut + ot. Dt and J will vary as the
Interacticn proceeds. The values used in the formula be-
low and thoba indicated in Figure 4 are the appropriate
average values. As long as the flow behind the shock can
be considered isentropid (a good approximation),'ut + at
depends only on pressure and is the, value Oorresponding to
the C-J state transmitted into the metal. Simple analýti-
cal geometry leads to the following relation between the
reaction zone length in the explosive and the interaction
distance in the metal.

a W b D,(ut + at - D)( - Dt(ut + at -DiD

The appropriate average value of D can be determined
from the frxe-surface-velocity/plate-thickness relation
since at every value of thickness this relation gives the
corresponding shock velocity by using the equation of
state. It can easily be seen that the appropriate average
to be used in the above equation is the inverse average;

D (5.4 D(x)

Likewiss , uhould be determined from a similar inverae
average of the interface velocity.

VPPN_
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Pit. 3,- Pree surface velocity of a metal plate as
a function or plate thickness showing the
high velocity produced in thin plates by
the von Neumann spike in the explosive.

Ib
h AkFig. 4 -Distance-time representation of the1 ~interactions between the von Neiimannj s8pike in the explosive anid the metal plate.
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It is -posable to calculate In detail the- free sur-
* taee velocity a a•. fUncaon I pIate tecneaa br____

t- e procedure outlined by Courant and Friedr•-ic . nhser.
the-assumption mentioned above,, ramely, that the flaw be-
- ! 1 the shock can be considered Isenrtr•pa. Th parttc-
lax, if the reaction zone rarefaction and the Taylor Way.
are both aawmhed to be centered rarefaction waves, and it
a ratio of explosive charge length and reaction zone
length is asaume-, the ratio of slopes of the free-surfaes.
velartty/thickneaa curve fox the two waves, at the pernt
corresponding to the end of the reaction zone can be cal-
culated. This ratio is about 25 if the charge length is
200 times the reaction zone length and if the spike
pressure Is 1.5 times the Chapman-Jouguet pressure. In
practical cases the ratio of charge length to reaction
zone length is much greater than 200 so the change of
slope would be even larger than iidicated above. Thin
calculation Justifies the sharp change in slope of the free-
surface-velocity/plate-thickness curve shown in Figure 3.

It should be remembered that it waa assumed in this
calculation that the reaction zone rarefactlon could be
approximated by a centered rarefaction wave. However,
most reaction rate expressions show that equilibrium is
approached asymptotically in time. If such expressions
are appropriate for solid explosives, and there is no
experimental evidence that they are, the ratio of slopes
could conceivably approach unity. However, the long
reaction tail predicted by these kinetic expressions
corresponds to a very small percentage of the total deto-
nation reaction, and a rapid rate of change of slope would
be expected not at a plate thickness corresponding to the
C-J state but at a thinner one, corresponding to essen-
tially complete reaction.

EXPERIMENTAL TECHNIQUE

Free surface velocity was measured by recording the
time of arrival of the metal surface at a series of metal
contactors or pins. The t4c nique used is identical with
that described by Minshall( 8 ). In these experiments two
or ;-: some cases four velocity measurements were made in
each experiment by using either two or four groups of pins
each consisting of six pins set in a 1 In. diameter circle.
The spacing between pins measured perpendicular to the
free surface was 0.003 in. for the thin places 0.030 in.
thick and under, and 0.006 in. for all thicker plates. A
cross secuion through a thin foil experiment is shown in
Figure 5.

The electronic circuitry used is indicated in Figure
As each pin is shorted to the moving plate, a condenser is
discharged through the network producing a signal on the
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U ~an experlmnt to de*tt..

-' Xi4 the free surface"0 " "velocity of a very thinplate or foil,

Explouive Lems

a. 0-80 pointed steel screws used as surface velocity
pins.

b. Center ground contact pin also used to hold foil
against the high explosive

Sc. Texclite pin mounting plate.
d. Aluminum backing plate ;* in. O.D * in. • ."1

a. Blast shield 8 in. O.D., 3/8 -in. thickc.
f' Alumiinum foil.

2 in -0'; Oacllloscopo

Metal PlCte Coaxalt

Fig. 6 - Electronic circuitry used to measure free surface •vclocity. The component values are the same for .
all circuits, Resistance values are ohm~s and ca-iii.
pacitor values are ,ufd unless otherwise indicated. ..
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oacilloaCope. Siuea5lve pins have alternate pol-arities
S-, so that an ideal record would resemble t,',.e square wave in

dicated in the figure. A time base is r]rovided by a tram{ t~uran accurately callbrated 30Y -mgaevycle aryvtal ore!?-
lator displaced slightly from the velocity record..

The high speed recording oscilloscopes used in these
experiments were al to the system described by theRadiation * see see a 1 Frr4la.
was used and twenty thousand volts post acceleration was
required in order to obtain single traces intense enough
to photograph clearly at this high writing speed.

A photograph of a setup ready to be used is shown in
Figure 7. The pulse-forming networks are sealed in the
plastic blocks located nesr- each pin group.

I. Precautions were necessary to eliminate two possible
sources or error. The shock wave in air preceding the
free surface was strong enough to discharge the pin cir-
cults before the arrival of the surface. Thia difficulty
was eliminated by maintaining a methane atmosphere around
the pins. If velocity measurements were made on a
machined and polished surface, the first several pins werc
often discharged prematurely by what appeared to be a fin4
spray of metal Jetted out from the surface. This spray
was eliminated by using unworked surfaces whenever possib3
and covering the surface with a very thin, almost invisibi
coating of light oil.

EXPERIMENTAL RESULTS

Experimental Data

Thirty-three separate excper:ments were performed in
which eighty-seven measurements of free surface velocity
were made. In the first twelve of the experiments the
metal used was d 1 and In the remainder pure aluminum
was used. WalshtU has shown that the particle velocity-
shock velocity relationship is identical within experi-
mental error for both metals. The explosive was Composi-
tion B which was cast into large blocks and then machined
into pieces 5½" x 51 x 3". The composition and density
of the explosive varied by roughly 2 percent RDX and
.01 gm/cc fron charge to charge and within a given charge.
These charges were prepared in 1950 and are not of as high
a quality as those prepared currently.

All of the experimental results were corrected to the
following standard conditions: metal density - 2.71 gm/cc
explosive density 1.67 gm/cc; explosive composition 63 per
cent RDX; and detonation velocity 7.868 mm/Psec. The



Duzff and Roffi

following error expression -wa& used in this orrzeotion

M__ 5-08~ -0.0023 0 i+C.1r&a

In most cases the corrections made velocity changes of.
less than 1 percent. A random error of ii percent is
caused by the compoaLtimi and density t-untlumians within. -,-'
a g•verr charge. The average values of" the velocitles ,.*.'
measured are presented in Table I.

TABLE I

Measured Free Surface Velocity
as a Function of Plate Thickness

-.. •.' ,..-•

&tandard
late Average Deviation of Number
hicknesa Velocity the mean of "--.

(in.) (mm/p.se4e,. (mm/psec) Meapurements .

0.0085 3.89 0.34 12 0
0.016 3.60 0.26 1s
0.021 3.48 0.25 11
0.030 3.32 0.10 11
0.048 3.20 0.20 10 %'%
0.057 5.22 O.0z- 2
0.098 3.25 0.09 8
0.1� 3.04 0.06 4
0.198 3.U. 0.07 6
0.24a 3.01. 0.09 4 ,

0.200 3.02 0.04 4

These data are also precented in Figure C.,,.

Two subjects deserve comment before conclusions are
drawn from these data. First, the standard deviations re- A.--.-,
ported in Table I are unfortunately large. However, this •
large standard deviation arises mainly from a systematic
source. As discussed above, velocities are determined
from measurements of position and time of the metal free -. .'-[ c;.
surface by means of pins set in a circle. If the metal
surface is not perfectly plane and if it does not move . -
perfectly parallel to its initial position, a systematic • •
error in the arrival time of the surface at each pin will
be introduced which may be reflected into the surface".,. .

velocity as determined by least squares techniques. It can
be shown that the velocity calculated is related 'o the
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Fig. 7 -A photographi of an experiment, ready to be f ired.

S•,8~4.2 U-4.36

IEd

~ u- 3.23,3

3.4- , .385

0

3.0 -

0 ,2 .3

Plate Thickness (in.)

Fig. 8 - Measured free s•urf~ace velocity as a
function of plate thickness.
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true velocity as ftol0.)ws: 4
R .1'V = Vcalc (I + sine )

where R is the radius of the pin fle, d Is the lnre.-
mental pin spacing, XCis the angle of tilt of the surface,
( is a constant =0.11 for the pin geometry used in these

experiments, and e is an angle which describes the orienta-
ti .of the pin circle with respect to the tilted wave. A
wave t' I f at ax. m aa Q. 005 radian was observed for a -.
of the charges used. Therefore, this cause alone could ,%
produce a velocity error of 15 percent in plates 0.030 in.
thick or thinner and 7j percent for thicker plates. For
this reason many measurements were made, especially on the
thinner plates, so as to obtain a reliable value for the
average velocity.

Second, it is desirable to place all of the pins
close enough to the free surf'ace so that the velocity
'measurement can be completed before a second disturbance
arrives at tha surface. This was done for all but the
thinnest foil. One might expect a weak shock wave to be
the Second disturbance to arrive at the surface giving it
a small increase in velocity at about the middle of the
velocity measurement. Examination of the records does not
indicate a noticeable increase in velocity. However, the
velocity associated with the 0.0085 in. foil may be
slightly high.

Explosive Pressure

Two pressures in the explosive can be estimated from
the surface velocity plot of Figure 8. A least squares
straight line has been fitted to the experimental measure-
ments at thicknesses greater than 0.030 in. Each of the
average velocities was given a weight equal to the number
of measurements included. A smooth curve was drawn
through the remaining four measurements on thin plates.
The Chapman-Jouguet pressure can be determined from the
free surface velocity indicated by the intersection of
these two lines, 3.235 mm/usec.

The equation of state data of Walsh(6) for aluminum
has been analyzed by Fickett (unpublished communication).
An analytic form of the equation of state was derived
which agreed witch Walsh's data at low pressures and with
Fermi-Thomas-Dirac calculations at high pressures. The
following fit of shock velocity as a function of free
surface velocity is appropriate for the pressure range of
interest in these experiments.

23
D = 4.8375 + 1.1235 u -- 0.1095 U2 + 0.0066 U
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Themf-f ome in ther metal-

- 2.71 x x 7.55 -. 33Oý megabar.

In the explosive-

PC-J , pm CDj + tot) - 0.272 megabar.
tDt

Thus the Chapyman-Jouguet pressure in Composition B explo-
sive containing 63 percent RDX at a density of 1.67 gm/cc
is 0.272 megabar. This number is thought to be correct to
within 2 percent.

The extrapolation of the free surface velocity to
zero plate thickness in what is thought to be a reasonable
manner gives a. limiting velocity of 4.36 mn/psec. Prow
this number and the extrapolation of the equation of atate
data for aluminum made by Fickett, a peak pressure in the
explosive of 0.385 megabar is estimated for the von Neumann
spike. It is interesting to note that the spike pressure
appears to be only 1.42 the Chapman-Jouguet pressure. It
should be emphasized that the extrapolation to zero thick-
ness is only what appears to be a reasonable one. There
is no theoretical Justification for the assumed form of
the curve because the form depends on the details of the
chemical kinetics of the detonation reaction about which
essentially nothing is known.

Reaction Zone Length

The reaction zone length was calculated from Eq. 4
using a value of D determined from the experimental
results as required by Eq. 5. *L was determined from the
two values of interface velocity which could be estimated
from the experimental data, nax.iely, the initial and final
values. The assumption was made that the interface velo-
city changed with distance in the same way the shock
velocity did. A value of ut + ct was obtained from the
equation of state calculation for aluminum made by
Fickett. The actual numbers used are as follows:
Di = 7.868, t = 7.771, ut + ct = 9.065 mm/psec. and

0.232; givig -W -= 0.i19. b was estimated to be

0.0385 in. Therefore, a = 0.005 in. or 0.13 mza. This
estimate of reaction zone length of slightly greater than
one tenth of a millimeter is probably accurate to within
20 percent except for the possible errors discussed below.
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TWo- assumptions have been made in the est-mation of
reaction zone length. First, the,-Shock wave refleeted
from the metal back- into the expAsive has been Ignorer.&-
This assumption. is questionable. because the chang" ia
%emperature and pressTre caused by the wave may decisively
influence the kinetics in(nhe as yet unreacted explosive
into which it moves. Therefore, the value of reaction
zone length determined 'a probably beat described- as a
lower limit value. .

The effect of this reflected shock wave on the deto-
nation kinetics and reaction zone length could be investi-
gated by varying the/metal used in experiments of this
type. In particular, the effect could be maximized by
using a heavy material like brass which has a large
acoustic impedance and minim'zed by using magnesium which
is almost a perfect impedance match for Composition B.

The second assumption concerns the shape of the
reacztion zone. The experimental results have been repre.-
3ented bly ,. profile similar to that of a rarefaction wave
in an inz material. However, as discussed above, there
could be a jlcw reaction tail which would cause the true
reaction zone length to be somewhat longer than that
indicated.

CONCLUSIONS

A conclusion can be drawn from the data presented
above which Is fundamental to the understanding of the
detonation phenomenon. Namely, the experimental results
provide powerful confieomation for the hydrodynamic theory
uf the detonation process proposed by Zeldovich,
von Neumann and Dt~ring. In fact, this is thought to be
the first experimental evidence published which directly
verifies this theory which has, however, attair. d almost
universal acceptance because of its hydrodynamic complete-
ness.

The Chapman-Jouguet pressure in Composition B explo-
sive containing 63 percent RDX at a density of 1.67 gm/cc
was measured to be 0.272 megabar. The reaction zone
length for the aame explosive is 0.13 am.
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THE DETONATION ZONE IN CONDENSED EXPLOSIVES 17

ff. Dean MkIlTdry-
S. J. Jacobs

U. S. Naval Crdnance Laboratory
White Oak, Maryland

Introduction

The hydrodynamic concept of a steady state
detonation with finit eaction time wal Independently
proposed by Zeldovich 1 J, von Neumann 2) and Doring 35.
The theory describes a detonation wave as a non-reactive
shock followed by a period of chemical reaction which
ends in the well known and generally accepted Chapman-
Jouguet condition. This theory shows the pressure level
in the non-reactive shock to be higher than at the C-J
point and has given rise to the concept of a pressure
spike in the detonation head. From the hydrodynamic
theory alone one can say only that the pressure decreases
as reaction proceeds.

For detonation in gases, some few authors have
insisted that reactien does not begin at the initial
shock front but rather that it is preceded by a steady
induction zone whe'p little or no reaction occurs.
Lewis and Von Elbe) state "If the reaction rate is
exponentially accelerating, (the fraction of explosive
reacted) changes initially very little and the pressure
profile is very flat for some distance behind the shock
front. In then drops sharply as the reaction goes t3
completion at a q5 h rate. Finklestein and Gamow(5)
and KistiakowskyU) present similar views. It is the
purpose of this paper to present evidence that the steady
state detonation of TNT at various bulk densities
confirms the hydrodynamic pictuve given by. Zeldovich,
von Neumann and Doring, and that the views quoted above
are applicable tc condensed explosives also. Within
the limitatiun of experiments to be described, the
data show the detcnation head to consist essentially of
two separable zones, one of induction and one of chemical
reaction.

Z40 Unclassified
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The- method: employed in this paper is based on the.
hydrodynamic, condittons which apply when a shock crosaew
a boundary bektween two medea, and after propagating
through the second medla, cause the nearby free surface
of the second to move in an ensuing rarefaction. The
translational motions of shock propagation and free
surface velocity of the second media are measured by a
method now riferred to as the pin technique. The observa--
tions made on tthe secod medium can be made to yielA.
pressure-density data for the explosive. An unexpected
result, for low density charges, was that the explosive
was not compressed to near crystal density by the shock
front prior to reaction. Rather, the boundary conditions
at the target interface required modest compression to
a value far below crystal density.

Experimental Details

In'the fundamental experiments employed by us, the
shock in the first medium is a detonation wave in TNT.
Several bulk densities of explosive are used. The second
medium is essentially pure (2S) aluminum. It can be
shown that the free surface velocity set up in the
aluminum is a function of the pressure level appearing at
that free surface prior to rarefaction. A range of target
thickness is a convenient method for sampling the pressure
at given distances from the metal-explosive interface.
Since reaction in the boundary layer of explosive in
accompained by a pressure fall, a range of rarefactio:
waves spread from the boundary and overtake the puxre
shock front later in time. Knowledge of the wave
velocities in the metal then permits a rec-onstruction of
the pressure profile of the wave which struck the target.
Data from this type of experiment can be interpreted as
showing a well defined induction zone preceding the
reaction in TNT.

In other experiments, an explosive was used to
hurl a massive aluminum "driver" plate across an air gap
where it impacted a target plate having one of several
thicknesses. Since the first plate unloaded during its
passage across the air gap, the shock wave induced in
the target was free from reaction zone effects and the
data obtained indicate only a smooth decrease in pressure
at increasing distances from the impact boundary. The
absence of the usual velocity plateau in this cane, helps
establish the reality of the plateau when TNT alone
drives the target.

Yet a third series of experiments were performed
( in an attempt to produce a pressure apike as distinct

)).I ~Unclaasified
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from the steady induction zone pressure observed in the
first set. These experments were identical with the
aluminum-aluminum impact exprmentsu except that a thl•t
wafer of pressed TNT was centered on the target .plate

and initiated by impact oL' the driver plate after it
crossed the air gap. The resulting free surface
velocity data again show an initial steady induction zone
followed by a sudden decrease in pressure, and demon-
strate the effect of chemical reaction on tha mass
velocity transmitted to the target.

A schematic drawing of the aluminum-aluminuw
impact experiment with the included TNT wafer is shuwn
in Figure 1. The TNT wafers were not used in the series
of pure impact experiments. One set of experiments
using TNT pressed to a bulk density of 1 F/cc was
performed. In this set the "shock driver sias also
removed, allowing the 3 inch diameter charge to rest on
the target plate. These charges were 5 inches high.

A fouith series used cast TN charges 6 inches
square and 4 inches high. These also rested directly
on the target plates. The fifth and last type described
were made up of crystalline TNT at a bulk density of
0.624 g/co. (mean density of all those fired). These
were our so-called "snow flake packed" charges which
were made byfirst pinning a 6 inch I.D. aluminum tube to
the target plate and sifting in the TNT at the firing
site. The charge height was 5 3/4 inches. Over this
charge was laid a 1 inch thick slab of cast TNT which
rested on the rim of the tube and oupportod the plane
wave booster. Most of the crystals passed a 50 but not
a 70 mesh sieve.

The arrangement of the pin contactors for velo-
city measurements is shown in Figure 1. For the impact
experiments, 16 contactors were used for each shot.
Eight of these were insulated and set Into holes drilled
to various depths in the target to be shorted out on
passage of the shock wave, while the remaining eight
were spaced outside the target in such a manner that the

moving free surface would contact each in turn. The
pins were arranged in two concentric circles, one of
5/8 inches and the other 1 inch in diameter. A plane
wave booster was used to initiate the main charge since
the circular pin geoometry required a plane impact in ;
order to give meaningful data. Wave planeness il a
difficult thing to control and for this reason a number
of identical shots were made at each target thicknesB
in order to obtain a statietically significant velocity.
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Electrical pule" a by c=t=t of the grounded
meving tarset with the- charged pin were led thr• vh
500 feet of coaxial cable to an osctlloacpe whee theg
sco"e beem dteeetions were photographed hedb a ast.ll
cammera. 3 ?WoTYfsot1o with the osciloscolpe waar
achieved by also sending the pulse from the first pin
in a set through a second, shorter, piece of cable in .

a manner such that it started the scope beam in time to
record itself and the others as they came through• the
'g ceable. The ascillocerpe had a 5-10 me- frequeucy•

-* response and about a 2 microsecond time base, single
•sweep. The target plates were coated with a film or :
vasoline, insignificantly thick, to electrically separate

the moving target from the charged pin contactors.
External contactors were insulated along their shafts
by glyptal resin and spaghetti tubing with their tips
bare except for a film of v~soline similar to that on the
target plate.

Accurate shock velocity measurements, for any
except the impact experiments, were found to be virtually
impossible due to violent pressure changes occurring
in the detonation head. Free surface velocity measure-
ments were relatively easy for all systems investigated
and therefore these were measured while the corresponding.
shock velocities were computed from the equation of state
for aluminum.

-The Measurement of Detonation Pressures

The well known hydrodynamic equatiou for the
conservation of impulse in a shock wave to

in a coordinate system where uo - o, and Po is
neglected. The equation is general and applies to a
detonating explosive or to an aluminum target being i
traversed by a shock. It has been shown 7" that u in
aluminum is closely approximated by taking l/2.the first
order free surface velocity, us, of the targets and that
shock velocity, D, and pressure, p, can both be calcu-
lated if us is known.

From the conditions of equality of pressure and ii
continuity of mass flow across a boundary between a
detonating explosive and a metal target, an expression V
relating the incident particle velocity to that trans-
mitted can be derived. The expression is
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wtiare subscripts e and m refear to explosive and metal
...'eaTffevvly and r refers t-v tre reftected wave- te-
back into the explosive by the metal interface. Thus
if (PL)r can be approximated, the particle velocity, and
therefcre the pressure, in the explosive can be deter-
mined from the m ured free surface velocities of metal
targt.ts. Ablardt l has shown that

3)(joOD)e is(pD.)r

for cast Composition B and aluminum targets. His results
care not restricted to a given explosive but are deter-.
mined by the value of the product (poD)e which is only
slightly higher than that for cast TNT reported on here.
We have therefore assumed the relation 3) for our cast
explosive and computed the peak pressure on this basis.
However, thi3 assumption is shown to be in gross error

', ,• for the case of one of our lowest density explosives
where the impedance of the explosive, (1o0 D) is much
smaller than that of the aluminum targets, [poD)m.

Impedance Mismatched S ste

The conservation of mass and momentum in a
reflected wave can be used to establish limits fori the"reflected shock velocity. The following analysis, which
applies to our low density charges describes the method.

Consider a piston driving a shock wave into a
unit mass of explosive at -pressure and volume po, vo
before compression and Pl, v, after compression. Further,

• . let the piston be the reaction products produced in a
steady detonation wave. Since after establishment of the
wave the pressure on the piston is Pl, the work done by
the piston on the unit mass is p,(vo-vl). The work done
goes to increase the internal energy by an amount bf
ikE1 and also to give the unit mass a kinetic energy
12ul. Therefore

22

4) A El p1 (vo-vl) - u' C
/ -. - .- - . - - -.. .
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The. Hugon iot equa-ton to

.1/2 (PI').)(V-v,

and if po 0 0, substitution into 4) gives

S. 5) 13, 1/2 p.(vo-vl)

If the shock wave with particle velocity u1 strikes the.
boundary of a high impedance medium, a shock wave in
reflected which propagates through the unit mass which
has the pressure and volume pl, via after the first shock
and P2, v2 after the second. As in .equation 4) we may
write

.6) A,2 -P2(v•.-v,2). -/ uý

(p2+Pl)(vL-v2)
where A E2 is the change in internal energy due to the
reflected wave and u 2 is the particle velocity in the
wave referred to a coordinate system moving at velocity
Ul.

The total internal energy change for material
behind the reflected shock front is then

AEt "•:1 +]92

which by substitution from 5) and 6) becomes

7) a St - 1/2 51(v,-v 2) + p2 (vl-v 2)J.

But also 2 2

,t a p(vo-v.) - + p 2 (v,-v 2 ) - 2

"2
which becomes, on equating to 7) and substituting for U1 ,

8) (P2-p1)(v1 -v2 ) =.

The equatlon of state for aluminum(7) enables us to
evaluate p directly from the measured free surface
velocity oi aluminum targets since pressure is continuous
across the metal-exploslve interface. The equation Just
derived enable us to compute v2 and u2 (- Ul-Um). I
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For our lowest density explosive, crystalline TNT
at a bulk densaity of G.624 g/cc, the highest free suface
velocity impar-ted- to the alumtin.um? targets was 2.0&
mm/microsecond. This result, along with the correspond-
Ing shock velocity from the previously mentioned equation
of state, determines the pedk pressure in aluminum and
therefore the reflected peak pressure in the explosive
(PI 1i e'uatio 8). We can choose arbitrary valu•te t"
ulIm u.) and conpute the corresponding values of p,
from equation 1) since D is known for the explosive. The
co',servation of mass equation

9) /QoDe - P (D-u)•

then determines v1 1) for any ul;since we have an
experimentally deternined value for P2, equation 8) can
be used to compute v2. In this way we can examine
the density behind the shock wave reflected from the
metal interface. With values for ./a and u 2 at handA
equation 9) can be applied to the reflected wave. The
shock velocity so determined is then D , which when
multiplied by Pl, is the impedance of the reflected
wave, (P D)r, as used in equation 2). Results of these
calculations are set out in Table I.

Table 1. Consistent Values of the Hydrodynamic
Variables for TNT at a Loading Density of 0.624 g/cc
Based on um - 0.54

(mm,ýsec) (g/co) (g/c) (mmAsec) (dynespmOO

2.1 1.396 18.87 1.68Z 497232

1:. 1.2149 2.817 2.443 4.501 3.051
21.318 4.673 2.034.3 .8

11.186 2.088 2.917 4.264 3.460
1.7 1 130 1.684 3.52ý 4.027 3.983

1.078 1.439 4.22k 3.790 4.553
.:i 1.0ji 1.266 5.170 3.554 5.330

1.o19 8 1.144 6.308 3.317 6.232
1.3 0.949 1.053 7.692 3.080 7.300
1.2 0.912 0.97T 9.773 2.843 8.U13

For our low density TNT, the acoustic approximation
as given in equation 3), estimates ue(= u ) to be
2.1 mm/microsecond. As can be seen from Ta le I, the
corresponding value for /02' the density behind the
reflected wave, is impossibly high. Our best estimate
for ue is I.46 mm/microsecord as obtained in a

,-e'.%" %.•,•" 3.,,•%,,,%% ',wJ," W•% ,,•,3"" % lwm.," ,','," .w*% ,•- • "'",' s w ,,' % '.", ;"" % , w • ,,.
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separate report(9i. As can be seen from the table:,
this choice of particlee vexztty implies that densatieg:
in both the reflected and incident waves are below
crystal density. It can be seen that even if the
reflected density were mde to 'exeed crystar d•ensity
by another choice of ue, the incident density would
still be less than crystal. Since these low density
results are also interesting from the standpoint of the
kinetics involved, the method used for estimating t W .lL:
be outlined after- the expexr-ment has been descrmb"

3.0

•2.5

L5OL
1.0
* .5 1

0. 500

1 10 20 30 40 50

Aluminum Target Thickness (rom)

Figure 2. First Order Free Surface Velocities of 2S
Aluminum Targets Driven by (I) cast TNT, /eo 1.58 g/co,
(21 aluminum plate impact, pressed TNIT wafers,
2/0 inch thick, /o 2 (.5, pressed TNT at/)o I gec1
5) TNT at e - o.624 ac

A
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The exPerIental reulta.1. M _Ab -mat-.i f= dtfferent
"density explogives in contact with the targets show
striking simC ,.arlties although the tnterpretations
placed on the data must be very different. Figure 2 ti
a graph of the free surface velocities obtained in the
varioua eamiiante a a. a. function of target thl kness-
These data are set out in tabular form •n Table IX

Table II. Numerical Data for the Curves in Figure.2

Target I + P.E. Number of
Curve No. Thickness (in.) - ee)o Targets ired

1/8 2 +6
57,32 2Y95 TZ4 61/!& 2677 ±+72
1/2 2497 +3

I 2267 37
l1/ 21A420

0 2 8 6
2 IA.4 2r475 ±8 8

(I1/2 2103 56 6
"1 1379 40 6

3 1/8 2234 56
1/4 2254 + 66
1 181830

3/• 69 +564.4
14 3/16 1619 T28 .4

Z 1573 + 20
:/2 13 5.., 24&

3/32 1072 + 42 2
1/8 108O(est. tfrom reverbera-

5 tion data)10 l58 +_18 ii

1034T 22 6
1/2 816 ± 6 7
1 647 T3
1 1/2 513 T8 3
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In order that the-data be useable in the computation of
explosion pressures, it is necessary that they be th3
fr"ee sau-face velocities prewnlt-a the start of transLa.
tional- maiou. When the unloading wave trow the fre-
boundary reaches the metal-explosive interface, a high
pressure is still present in the explosion gases. This
residual pressure can and does drive a second shock wave
into the target. This second wave further increases the
free surface velocit,. Free surface measurements whctk
include the second or later velocity orders will over
estimate us and therefore over estimate the pressure
developed in the explosive.

Wave Reflections in the Target

Figure 3 shows the step wise accelerationswhich
occur in targets of various thicknessess, explosion
loaded by Composition B. These data are not to be
discussed further in this paper and are included only to
illustrate the process of momentum transfer from expla-
sive to target which occurs later In time. They
Illustrate that the initial or "first order' free surface
velrcity is far from the terminal velocity which can be
obtained. It is emphasiZed that the data presented in
Figure 2 and Table II, are all first order velocities.
Unpublished results show that experimental velocity
Jumps, shown in Figure 3, occur at about the times one
would ccipute by use of the equation of state for
aluminum.*,

The velocity plateaus in the TNT data are
intriguing since according to equation 1) they imply a
steady initial pressure in the detonation head followed
by a more or less sudden decrease in pressure level. We
have interpreted this initial steady pressure to be an
induction zone of finite width which precedes the zone
of chemical reaction.

*If the first order free surface velocities for
Composition B driven aluminum targets are plotted an
a function of target thickness, no plateau is observed
as it is for TNT, but rather the curve continues to
rise toward the zero target thickness axis. In view
of the data obtained with TNT, we conclude that a flat
top may be present in the C=.position B data but that
it occurs in such thin targets that we are unable to
observe it with the pin technique.
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The Induction~ Zone inv Cratt LW)
"Material in a detenatieo wave propagating t)h'ugh-

a- homogeeous. explosive ham a hih.veloolty, LI !;1
direation. ot wave opagation. If the length ar th "
induction zone is "a", the induction time can be.
obtained fromA

a

where De is the steady state detonation rate
(6880 meters/second) and utis the particle velcioty In
the induction zone By use of the acoustic approxi-
mation, equation 35 we can immediately obttin ue from
equation 2) and the measured plateau velocity for cast
TIT. The induction zone length, a. is approximately
0.216 (6.880-1.97) or 1.06 s. This simple enalysis
does not apply to low density TNT.

The Induction Zone in TIT at a Bulk Density of
0.624 s/ce

Prom equations 5) and 7) previously developed,
one can compute changes of internal energy rthich occur
behind the incident and reflected shock fronts at the
target interface. By assuming the heat capacity at
constant volur for the unreacted TNT to be approxi-
mately constant and equal to 1/3 oal/g., we can esti-
-mate the temperature behind the initial *hfv-k front
from the expression

11) T - 300a A31/d v

Similarly, for the total change of internal energy due
to the incident and reflectcd chocks, we have

12) Tt - 300.- At/5vt.

The estimated temperatures which obtain in tha explosive
before rcaction occurs are se.* down in Tab•oi III for
arb'tr valuea of ue. Thet,• craputattons chow that,
givcn E. aduction zone iM the dotonation wave, the
temperatae increase behiAnd th&e reflected shock front
mray b, adequate to intie a secondary reaction at th•e
metal interface. Dacplta such a poesnbilitys curwe 5
in Figure 2 showsn a initial steady pressure extending
to nearly the cae target Chc-cce as that for cast
TNT. Accordingly we can cc-pute the steady pressure
time from

13) Ati +-,R D

2U1%
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-Table Iti. Apoximate Shock Temperatures in TNT
vo Init'al PartiC78 VelocitY; /06- .624 a/aa

i.U A-91 T.0_z8
(U=W145601 feriz/gAdi 10 (ergs/yC . L4 L

2.1 2.205 6.718 88 5118
2.0 2.000 .646 1734 4349

1805 6 695
3:2 1.46- 3340k

1* 445 3.29 1336~ 26611 ,%8o 2.721 1218 2252
125 2.228 1107 1898

110OO1.757 1003 15605 1 .456 .1.3 0. :195 0 134141.2 0.720 1.151 816 1125

and compare the results at the two density extremes.
Equation 13) is obtained by equating two independent
statements for the overtaking time in the metal target. 1-'The quantities used are obtalned from Figure 4 where
R1 in the velocity of the first rarefactic tincrement
and equals uI + cI.

C A comparison between the two TNT density extremes.I is given in Table IV.

Table IV. Properties of Shocked Aluminum and the"1. Corresponding Steady "resaure Times for the Plateau
Region of' Figure 2

Ca.s~t..NT T at RA -0o.62 S'c/

1~ 143 mm/microsecond urn- 0.54 mýIrscnCM 7.45 u cm 6.11] Dmu 7.12 " Dm- 5.9"4
61 ~~65 rm alim 6 mm

'Ati 0.216 microseconds Ati- 0.117 microseconds

It can be seen that the steady pressure time for cast
"TNT is nearly double that for the low density explosive
despite a higher temperature in the induction zone of
the detonation wave in the cast material. This result
makes an hypothesis of a secondary detonaticn reactionin the low density explosive quite plausible, forindeed if the induction zone were being burned by two
distinct flame fronts, then material in the induction
zone would be consumed at an extraordinary rate. On
this basis, we postulate the sequence of events pictured
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i. _ 9n Fure- 5 -as ocurzing aet the rmetal explosive inter-
ta&&. for low density' TN~T.. F~rom this, figure it can- be.,
seen that the steady velocity plateau- observed can be
asnsoiated with a pseudo detonation. preaw=e behind.. the-.
seednd-7 wave. Mm high pressure induation peak in. t•lt
secondary wave would not be observed because its effect&
would be seen only in extremely thin targets. By
aassuming the thickness of the secondary induction zone
to be negligible in comparison with the primary one, and
al no that & new C-J condttim I nold behind the- secondary
wave, it is possible to compute the length and time of
an induction zone undisturbed by a reflected wave. The
analysis is ae follows:

': Define

D d - velocity of the secondary detonation wave1 " cg - velocity of sound in the gaseous regionIi "burned by Dd

tc - time required for the two flame fronts to
collide if ttme zero is the moment of
contact of the primary induction zone
with the metal surface

tr = time required for the rarefaction urave,Sfollowing the primary induction zone,
to cross the region burned by Dd and
reach the target metal

,ue particle velocity in the induction zone of
the primary detonation wave

""Ud a ue - um a particle velocity behind the
secondary detonation wave. Dma De and
At have their usual meaning.

I r Let the primary induction zone be of length

; x-a+b

where a is the distance traveled by the -rimary flame
front at the velocity (De-ue) and b is ýI-.e distance
traveled by the secondary flame front at velocity Dd
during the time required for the flame fronts to collide.
The steady pressure time is

• dt =to + tr
Using a coordinate system traveling at the velocity ue,

one can quickly visualize the various waves since the
induction zone stands still while the metal target
impacts it and drives a shock wave into it at velocity
Dd. We have then
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Collision Plane

C
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Figure 5. Instananeous Pressuire Profiles
During the Impact of a Detonation Wave on a
High Impedance Metal Surface
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b a,

* b-udto b(l i

therefore
Ud

b b(l -- )

,+ C
U b[ Pd Og J

It tha C-J conditions - Og + Ud, approximately holds j, we ob~tain

2b
Dd .

(C Solving equation 15) for b and substituting the result
into equation 14) we have

16) b- -t 2 -

Ata-T (D.e - ue)

From equations16) we can compute the lenzth of an
undisturbed induction zone if values nf ue and the
velocity of the reflected detonation, Dd, can be
estimated. According to Table I an upper limit for ue
is probably about 1.7 mm/microsecords. The density
behind the reflected wave is already greater than
crystal density under these conditions and the corres-
ponding velocity of a pure shock wave is 3.525 mm/micro-
seconds. However, if the reflected wave went over into
detonation, it would be feeding trito material at density
1.130 grams/cc., At this loading density, the detonation
velocity is greater than 5 mm/microseconds and therefore
the pure shock front would be outrun by a detonation
wave. Incoming mass at velocity ue would then meet a
wave having a velocity higher than the 3.525 mm/micro-
seconds consistent with a value of ue - 1.7 =m/microseconds.=
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It fo~lmw then that If a secondary detonation reactiont
occurs, a value of ue as high as 1.7 is not- ossible.
Continuing in this manner, we have chosen that value of
uee where the velocities Dr of a reflected pure shock and

SDd of a detonation wave are equal. These values are
graphed in Figure 6 and yield a value of ue 1.46 nmW/
"microsecond. Numerically we have

At a 0.117 microseconds
Dd - 5.5 mm/microsecond.De : 3:80 W
Me 1 ."46

and therefore the induction zone length for the steady
state wave is

x a a + b - 0.325 + 0.137 a 0.46 millimeters

and. the induction time for an undisturbed detonation wave

" e-u = 0.20 microseconds

The induction time computed for the low density
TNT is very close to the steady pressure time obtained
with cast TNT. Since in the later case we assume the
acoustic approximation to hold, we then imply that the
steady pressure time is approximately the induction time
also. Having obtained the result that the indution I
times in the TNT density extremes are nearly identical,
we conclude that an induction time in any intermediate
density has a similar value. From equation 1) we can
now compute the induction zone pressure in the lowdensity TNT. Thus, p a 0.624 x 3.8 x 1.46 =34.6 kilo-

bars. If the postulates leading to equation 16) are
correct, it ie doubtful that C-J pressures can be

obtained from our experimental data on low density TNT
since the rarefactiob, constituting the reaction zone,
has propagated through a burned gas region and spread
out to such an extent that the pressure corresponding

to the end of the reaction is not clear cut. Fortunately
this is not the case with cast TNT and the C-J planeprobably arrives at the target Interface relatively

.j undisturbed by a reflected wave.

The Reaction Zone in Cast TNT

The reaction zone front in cast TNT has a rate
of (De-ue) 4 4.91 nun/microseconds relative to the

moving particles. Considering the steady state deto-
nation, the C-J plane approaches the imetal interface

at about this rate also. Unclassified
~j1 258



U ... pon- arrival a•.rang of unloading.-waves will have

already- promagate& into the target while the pressure-at
the-•1uterfrae fell. during chemical-reaction. Beca -
each succssia• w-wniloading Increment propagates at *
lover velocity than the one preceding, the entire raW
of pressure levels at the Interface will propagate into
the target and appear at a given distance from the
interface.

Dr Dd
S0

V4

Dd c oreted. fox- PT Md
•. •o.

0 .4
Dd4 0orce f~P

N 1- e 1.505-. g u 14

0 .2 14

Reflected Wave Velocity
(mm/microsecond)

Figure 6. Reflected Wave Velosity as a Function
of the Particle Velocity ue, Striking the Aluminum
Targets. Crystalline TNI at a Loading Density of
o.62e4 g/cc,

If we assume that reaction zone effects do not
extend se far as 1 inch into the aluminum, then the last
two data points (for 1 inch and 1 1/2 inch target
thicknesses) are characteristic of a smooth y decreasing
pressure behind the C-J plane. We can approximate this
by assuming the pressure decrease to be of the same type
observed in the aluminum-aluminum impact experiments.
According to our equation of state for aluminum we can
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write. the equation, u - 0.1705 D - 4.OM over the range t,
almimnm dimoities from 3.1 to 3.5 greme/ec. This

aeleity rae.n ecpletely overs the data for cast TNR.,
The equation Is consist t to within 10 meters/seconds. In
D over the restricted range. Since u changes but slowl: ... '.
over the post C-J part of the east TNT curve In Ftg-re t.
D can be descritl by a simple quadratic function of ,
time end distanow

("

t bo + bJ + b. 2 ,

where is the thickness of aluminum penetrated by the
shock wave. Therefore we can write

/ d.1 1 r17) D-- blr+ 2b
Fj-~" . + 2b

Substituting the value of D from equation I)'
into, the linear relation between u and D and evaluating
the/constants from the experimental us at the I and the
1 1/2 inch target thicknesses, we find for w- 0 that
Do - 6.934 and us - 2.581 mm/microseconds. The oomputed
value of us for zero target thickness is a point on an'
equation going through the data pointo for the 1 and
1 1/9 inch target thicknesses. At A- 19.2 mm the
exporimental velocity curve deviates from the theoretical
curve through these three points. The corresponding ____

free surface velocity, 2.350 mm/microsecond, os interpre-
ted as that due to the C-J presoure in the explosive. The
cast TNT curve in Figure 2 is therefore drawn in such a
manner that it is somewhat flattened after the point,
i- 19.2 mm. Thus, the curve shows effects of reaction
zone pressures extending fe.om the target thickness
2- 6.5 mm to the thickness . 19.2 mm. Equation 13)can be exteonded to this portion of the curve by dividing
the free surface velacity into equal increments. Inzgeneral

in this equation, uk,k+l and Dk,k+l are average slopes
for discrete increments of shock front and target interface
positions as shown in Figure 7. .

In order to estimate the reaction time in cast
TNT we have divided the free surface velocity curve

• .1
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Fr'ont

A I Target Interfac

CI

Figure 7. Overtaking of the Shock Front in
Aluminum by Rarefactions from the I4le.al-Explosive
-Interface

between 1 * 6.5 and 1 - 19.2 nr-/microsocond into 10
equal increments of us. Equation 18) was then evaluated
by using the data showin in Table V. Our estimate of the
reaction time is about 0.29 microseconds and the total
time between the shock front and the C-J plane is about
0.51 microseconds. This time compares very ,fayorably
with a value obtained by Copp and Ubbelohde 10 by the
method of case expansion. These authors have stated
that their measured time is that to the "equilibrium of
primary processes of explosive decomposition". By
interpreting this to mean the induction plus reaction
time, the data from the tw•o different experimental
methods are in good agreement.

261 Unclassified



H/ Ukt2 uk+1. Dktk+1 Atbk 4
(in)~S~SJ~ uaA.4 (m,~t~)(=ukcsec)(40 A.

-- ~ " --- ':,,

6.5 1 .W35 072l33eý
6.41.4a1 R2 8.823 1M&.7 T-98000 888O 0.22223Rj 8z

7.2 3 R3 8.761 1:3 7o066 0.0077 0.22970
7,88 1.3% 8.7oo 1 7.032 0.01338 n ,-,8
8.75 1.328 8.638 1.3111 6.99 0,02059 0.2636
9M.9 3o8 15 6.9o% 0 .m35 0-2=2

11.15 1.277 8.524 1.290 6.933 0.02999 0.32201.
12.80 1.252 8.4-52 1.2& 6.899 0.04-089 0.362.0
111.70 1.226 8.390 1.139 6.867 0.04637 0.40927
16.8o 1.200 8.329 1. 13 6.833 0.04996 0.45923
19.20 1.173 8.267 1.188 6.801 0.05611 0.515341

Induction time d t1 - 0.213Aseo. _"
Time length of detonation head 4ti+2:1tk0.5l5,Aseo

Reaction time "•tl,"302.(B-
I%4N7

Table V. Numerical Data for Figure 7 T',%, y.

The Chapman-Jouguet Pressures

Since us - 2.860 at the peak and about 2.350/mm/
microsecond for the C-J point, the corresponding particle
velocities in cast TNT are 1.979 and 1.626 mm/microsecond
respectively. Using a value of 6.880 np/microsecond for
the detonation velocity and 1.58 grams/cc for the density,
we find from equation I) that the presoure in cast TNT is
215 kilobam at the peak and 177 kilobars at the C-J point.
Thus, the over-pressure ir the .induction zone is about
121% of the C-J pressure. '

For the snow flaked packed TNT the, -J pressure
can be estimated from the Jones equation 11 "

19) •-a (2 +•)( De p• ..... t

Assuming a value for the Jones constant, at 0.25 one
computes ucj - 1.1 mm/microsecond and PC-J 26.2 kilo-
bars. For the induction zone pressure we find p to be
34.6 kilobars and therefore the over-pressure in the
induction zone is about 132% of C-J. In vtew of the
approximations involved, the pressure ratio% for the two
extreme TNT densities can bi considered to be essentially
the same.
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Induction times have been shown tar exijmt in ttm.1 stoadyr stato deton~at~ion wave of TNT! at variatw bu2~
Ldens tties. Lt Is, swproxtmately the same for all -

densities, namely 0.2 to 0.25 microseconds. The reaction
time has also been measured in cast TNT and amounts to
approximately 0.29 microseconds. The total time from
the shock'front to the C-J plane In therefore 0.51 micro-
secooda in tha cast~ explosive.~

The flat top observed in the free surf'ace velo-.
city or aluminum target io not to be interpreted an
evidence of no reaction In the induction zone but

L rather that it is occuring at a negligiole rate in
comparison with the reaction zone'proper. We haveI drawn the curves in the manner shown because we believe
we are not justified in assuming a more detail contour
from the data on hand.

The plateau is interpreted as due to a thermal.
induction period in the initiation of the explosive
and ts evidence that the reaction in TNT progresses by
a thermal mechanism. Grain burning is not necessarily
excluded by these results for the reason that time lags(J in building up to high rites of de4Llagration can still
exist. 1'1atheinaticallyi, the. data -has been treated as
though the explosives were ;,homogeneous fluids. This
car; be readily admitted in the detonation of gaseous
and liquid systems, and-may also be true for cast TNT.
It should be pointed out that the percentage voids
in the snow flaked packed TiT is quite large, and
although the treatment appears straight±'orwards it is
admittedly difficult to un~derstand how material in the

* induction zone can be compressed to a value far below
the crystal. density while sustaining a pressure of at
least 35 kiclobars.
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C ALCUIATION OF THE DETONATIMO
PROPERTIES Mt SOLID EXPLOSIVES WIMLA

THE LI TIA WkJ=M-WII0Ob EQUATrIOR OF STATZ~

W. Pickett and R. D. Cowan
Los Alamos SMi*tific Laboratoe

Los Alamos, New Mexico /

1. INTRODUCTION /

In an attempt to obtain a working equation of state
Soor the gaseous products involved in the calculation of
detonation phenomena, .we have investigated a modification
of an empirical equation of state flyst proposed by
Halford• Kistiakowsky, and Wilson

RT V~(T+QY" k ')j xiki

-~ (Tl + i+

Here V is the molar gas volume, xi is the mole fraction,
of component i, and the sum extends over all chemical com-
ponents of the gaseous mixture. The quantities a, i,(,
G, ki are empirical constants, the ki having the nature ofl
covolumes. The values o<- 0.25 and P= 0.30, which were
chos \originally to give agreement with experimental
data•, have been used in most of the previous work with
this equation of state. However, different values of X
and several sets of ki's have been determined from experi-
mental data (cf. references 1, 2, 3 and Table III). We
have treated all of the parameters (cc, i3, ki Is) as
adjustable in an effort to determine a set which would
allow the calculations to reproduce a set of experimental
data which includes both the variation of detonation
velocity with loading density (D - Po), and the Chapman-
Jouguet pressure (P ) at high loading density for a
group of five related explosives (see Table II).
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With -the value Q -a 0 -h±eh has been previously used,
it my esi1~~-seen that the equation of state has a-,q

min; in P" vs k(forconstat- V: C~and copsto) w..t--

S. .5 and with values of. ap a to .". "-,

tion region this minimum occurs near 0°K, but with O 0.5
it moves up to 2000 or 3 000°:,--,

We h&vae used the arbi-trary value Q = 400 K fur. al2
values of @ ; this has proved to be large enough tcr
eliminate the minimum throughout the volume region charac-
teristic of plane detonations, and yet is small co) pared
with the values of T encountered.

*!:i The calculations are complicated by the possible
presence of solid ca'•bon. We have assumed carbon to be
present as graphite and treated its equation of a e as
kmown, using a form orieinated at this laboratorzl'

P- Pi(Va) + a(Va)T + b(V 5 )T 2  (i.e)

where, with P in megabare and T in volts (i.e., in units-
of lil,605.6 0 K),

j P(Vs) -. 2.467 + 6 . 7 6 9 1 - 6.956V1 2 + 3.0407 - 0.3869C4

,I] a(v,) - 0.2267 +, .?.712

b(vO) 0.08316 - 0.+03068

Vo (T5o)
T 252

2. THEORY

If solid carbon is considered, expressions arc needed
for the thermodynamic functions of both gas and solid
phases; these are summarized here:

For the gaseous component with equation of state (1.1):

S j.(ONi-R{~ i n x ln 1
__ _ 0-T (2.1b)
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A- 40~-) 1 + (1kj:i RT In

where the-g-V -imperfection factor F is defined in equation
(1.1.1 and Should not be confused with the free ene~rgieaL
F0 and F'.

For the solid with equation of state (1.2):
(HOH) + 4° -(PVl) 0 b(V) P+(V V (2.2a)

~-•of (V Tý P, c) d

S in~ 10 a(VJ + 2b(V) TJ dV (2.2b).

A (F 0 -H0) + H + (2.2c)0 a.

where

rv .. Fn 5  PJ , (V) + a(V)oT + b( VT 23od

For chemical. equilibrium:

(one such equation for each independent ch:emical reaction)q
In (2l) - (2.3.) E, S, and/iare internal energy,

F--
0 0

entropy, and-chemical potential,, respctively. A super-

~j~ ~script o refers to the ref'erence state (ideal gas or rea~l
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r the enthalpy of formation fror the elements; X and n,, we

C 1F;ý the mole fraction and number of mal a of component ijt
r - i-n. rn (2.3) the %i are the coefficients, of the

ch emi~ca3 reaction, positive for products and negative for
reactants, and the subscript g for a sum indicates it is
for gaseu•s components only.

The thermodynamic state of detonation products is
defined by the Rugoniot equaton

i h i3 "E -go (P + Po) (Vo _v) 0 (2.4)

adthe Chapman-.Jougu~et condition

0

In(2.4) the subscript o refers 4o the undetonated explo-
sive, with ES given by

0 . f)e + ZN+°e(T 0 ) -Hi) 3 -P0 V0  (2.6)

where (AHf)e is the molar enthalpy of formation of the
explosive at To and N is the number of moles of elemenb J
in one mole of explosive.

IJ

*•Inl evaluating the therimoynamic functions for the
solid :e have neglected (P'V) , and approximated Vo- by
VO(T 2 5oC).

**In the usual statement of the C-J condition,, b

dis to be evaluated for equilibrium composition. However,, Kirla,;ood and Wood., J. Chem. Phys.,. in press,, have recently
shown that this derivative should be evaluated with frozen -

S~composition. Our calculations have used the older state-,
•ment of the C-J conditions,. but there is vei-y little
•.'difference between the two., at least for our equation of

state. Check calculatiins showed that the use of the
correct C-J condition w.iuld decrease PC-j by less than one

percent at the lowest loaeing densities of interest
1.2) and made almost no change at high loading

density.
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G;)
* 3. CALCULATION1.

The detonation produ-cta were assumed to be made up of
. t following chemial aT comonenta

1) 2)CO2, 3)CO, 4)H 2 o,. 5)NZ,, 6)NO, 7)C(graphite) (3.1)

Oxygen was not included, since none of the explosives con-
sideredi were wn.c•r. axygen rich than EDX, which b-alann- to
1N, H 0, and CO. In some preliminary calculations on IBM
"CMC e.uipment somq5yf the components considered by
Kirkwood, et al.,, viz. NH , CH4 , and OH were also in-
cluded; these were found to 5e present in small though not
negligible amounts.

For the final calculations, however, the set (3.3.)
was used in order to simplify the solution of the equili-
brium equations and thereby reduce the machine time
required. Although this set is yather restricted, compon-
"ents of differing size (H., CO.) and with positive he&t of
fc..'mation (NO) are included.

It was found that with thia set of components the
determination of the equilibrium composition, given k, n

s'' V , and T, could be reduced analytically to the solution.

one equation in one unknovm. With solid cazbon present
this unknown was ncO; with carbon absernt, n.

S-The reference-state therma6.ynamic functions and
" enthalpies of formation were raken from the ta l1s

published by the National Bureau of Standards. The
enthalpies of format..on of the explosives are given in
Table 1.

The calculations were done on IBM 701 digital com-
puters. It was foimd quite feasible to code a single
problem to calculate adiabatic or Hugoniot curves, as well
as detonation velccities. In order to produce points on
these curves Eqs. (1.1), (1.2), and (2.lb), '2.2b) (for anad~abat) or (2.4) (for a 111ugoniot) were solved by itera-

tion to obtain values of V and T for the given S or h (=o),with the composition given by Eqs. (2.3) and the mass

balance relations. The detonation velocity was determited
by finding the point on the Hugoniot where

D=Vo
D O (3.2)

had its minimuan value; this is e ui,,alent to satisfying

the C-J condition (2.5) with NV) evaluated with
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•• eqx.Iibrium-. compositi-on, • •.

' t~~~~Ieats, of Formatmi= or +.A&•iit't '¢,;'..:...

• ~Ealosive (&Hf) e •-'-

* - 'r •-' ." i '.-

kcket" n at C2SoC

TDXa + 14.71 "

TN9b 17.81

ioid

Ei b J. Prosen (c S),, private communication.

•lb." '" VA,•

b 0. Stegeman, NDRC Division-8 Interim Report PT-7 (2.943)' '.

, •D, Sitney (LASO), urpub~llrhed oommuncation•. '.i"
h losive presently classified.._

The time required for the calculation of one adiabat <"''..-'
or Hugoniot point was about 20 see.; for a detonation
velocity, an average of about 140 secoia-.

• ~~~4. EFFECTS OF THE PARAMETFM ,S'. "
In order to determine the effects of the various'-;-..

parameters on the calculated D-100 curve and ?Cj exr~ora-S tory calculations were carried ou" for one explosive,
65/35 RDX/VNT. In order to save calculating time, these

were carr.!.ed out under the assumption of a fixed product •.•.•,"composition resulting from the following decomposition
Oequation ")....uai

i ~r 1

i -

I Cq~OaNt H 0z + (-)CO + (q-s+E) C + !iN2 41

1A set of geometrical covolume values (Table III) was used,

Sthough with fixed composition the individual values of the
ki are unimportant. The other parameters were varied from

I• ~ the values """'i' ''"''"'•

', <><-•~0. .6, 19- 0.06,o X•, 30 (4•.2•) ' " "'.,::
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whtch were found to give approximate- agreemenmt w4th the.V0 - and - The results of tha ealcul-..
StonZ e summarIzed, in FPiguren- 1. through 5.* "

•Viewed from the standpoint of attemptin tin repr

0 experimental data, the effects of the parameters may be
* pictured as follows:

/ The value of)• may be changed to raise or lower the
D - wwv•e wlthout greatly changing it- &hape (yU. 1);
Smay then be used to change its shape and slope while)
is varied so as to preserve a given value of D at one

/ point (Fig. 2). Then the calculated C-J pressure may be
changed by varying o- -3 and )4 always being adjusted so as
to best match D - eo (Figs. 3 and 4). Alpha also has a
considerable effect on the C-J temperature (Fig. 3).
There exist no accurate experimental data on TC_J, but it

/ is noteworthy that the T vE. curve for a(= 0.45 is
similar to that obtained at this laboratory from prelim-
inary calculations with t Lennard-Jones-Devonshire free-
volume equation of state.'. "

In order to. gain some idea of the effect of the
carbon equation of state, calculations were made with the
assumption that the carbon retained its normal volume, and
also with the two equations of state for carbon mentioned
in the footnote below. The results are shown in Figuii 5.

5, RESUILS

By assuming a fixed product composition and varying
the parameters as described above, a set of -lues for cc
f, and )X was found which gave results in good agreement

*These parameter studies differed from the final cal-
culations in that they used a more incompressible equationof' state for carbon than -htwhich was finally adopted

and used in the main calculations. The equaticn of state
for carbon was first based on an interpolation between the
static measurements of P. W. Bridgeman, Proc. Am. Acad.
Scia 76, 55-87 (1948), and Thomas-Ferini-Dirac: calcula-
tions made by H. D. Cowan at this laboratory (unpublished
conmnunication). Recently, however, J. M. WaLsh has
obtained points on the shock Hugoniot of graphite (unpub-
lished communication) by a dynamic method similar to that
which he has used for aluminum, Phys. Rev. (in press).
The carbon equation of state used in the final calcula-
tions, Eq. (1.2), was based on this work and was
considerably more compreGsible than the one described

( above.
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PO (S'00c)
Fig. 5. Effect of the Graphite Equation of State on

D - Po: A - Incompressible, B - Graphite

Equation of State used in the Parameter
Studies, C - Graphite Equation of State used
in the Final Calculations (see footnote onSPe 271). .!

with experlment for 65/35 RDX/TNIT. It was found that with '
equilibrium composition (and the "geometrical" ki d6s-
cussed below) a not very different set also produced good

.agreement. The question of how well a single set of
parameters cr id be made to serve for several explosives
was then investigated.

The experimental data used were measurements of D - o
and P at maximum loadin• density for a group of five

re2ated explosives.(9,10, 12i-) These data are given in
Table Ii and were obtained as follows:

Measurements of the detonation velocity for irninite
diameter, L. , were made for each explosive at two
densities, eo 1.2 and the highest Po obtainable byI0pressing or casting. (Values of D., were obtrined by
firing? ch?.rges of different dlameter d and ex~ra~olating
D vs. l/d). It was assumed on the basis of prev-ous work,
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both at this-laboratory and elsewhere(13) that over this.
range of loading density D v. , could be represented by
a stralaht line within experimental err.. -

The dural pressures in Table IT were obtalned b
me&surements .of shock and free-surface velcC.4 es in dural
plates driven by the appropriate explosive. 'u' The.
explosive C-J pressure Pi is then given 1I, terms of the
metal pressure P by the matching conditions at the HLE.-
metal interface:'11 4 .

mI 1 + R (Co D IAO tD t);R

Pt1 + R /er~/oD (5.1)

where the subscripts 1, r, and t refer to the incident,
reflected, and transmitted shocks razsaectively, and the
oubocript. o refers to material ahead of the shook. All
velocities are referred to the material ahead of the shock
in queation.' The value of R need not be known accurate-
•I(14) the so-called "acoustic approximation* - 1.-
giving results correct to within a percent or so. Ve have
used values of R obtained by calculating shook curves
for the detonation products (Table IV).

The measurements of Pc-j and D - -o were taken on
exploaivea of slightly differnmg oc=go3itiQon and denoity,
so cal the data ware corrected to the cc.poaition and
donsity values in Table II by meano of an error ozp~eosion
obtaim-d by difforentiol analysis of (5.1) with R - 1 and OL
ralctin uce of the eweri.rntal dependence- of D on coupo-
sition and density:

6 - -0. 86 6 B -0. 0023 a FlDX) (5.2)
5Ufa 2'

in which Ufis the experimentally meaoured free-surface
velocity.

In attemptins to determine a set of equation-of-state
param3ters from this experimental data, ra otarted tith aCut of "gom•-trical" 1C.L (Table 111) based on molecular

sizes estimated fron both virial-coefficient data and
.sphorical voluieu from bond lenzth3 and van der Waals
radii. Using these ki in prelimiunary calculations it was
found that .- 0.5, S. 0.0, 09s 11.85- would give D - e. a

-Gi th the k scaled so t1at 40 was about the eame as

that used by Brinkley and 1Wilson4.12) I
276 .-_ _ .
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and PC-j close to the experimental valum for v~f
R.DXIVNT. However-, the _t tor o _0.6lOa ma
rather poor (Pis. 61. A 1ezt- w the m
fmre carried out (kith, ttka. a 9 J • or t
Bet of k. which would give the best I- .-. mIta au fiwS

explosives, The rather surpribing re t tM an
Z CO -.* CCIZ + c

shifts from far left to far rirht an in irxezeawd

through the range of interest caused us to let polnts or
different e for the same explosive enter the least sua-
ing on an equal weight with those from different e.pl.-j
sives. Accordingly, the least squaring was carried t
follows:

Using a guessed set of ki, a value of k wx kM
was determined at four loadixg densities (1.2, 1.4. 1.6,
and maximum4 for each of the five explosives by adjustUn*
)< in each case until the calculated D was equa'. to the
experimental value. If we designate these values of k as
-kob we then have a set of 20 linear equations for the

set of k,:

23(xi)r . i (kobs) rk r ZO.2 (523)

These were solved by least squares for a new set of ki,*

*In a preliminary trial of thb least-squaring process
on three explosives with o4= 0.6 it was found that carry-
ing out the entire least-squaring process a second time
(starting with the ki produced from the first least squar-
ing) produced almost no change in the ki. It was also
found that the rather sizeable change in ki from the ini-
tial geometrical set to the first least-square set
produced composition changes of at most a few percent of
the original mole fractions.

Since the determination of so many kobs is rather
expensive in machine time, the final least squaring was
started with the ki from the above trial rn and was done
only once.
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The- first result ao this process .,jas large negative
values for kH -and kfO" probably because HN, and NO were

present In such small amounts. There.•om thte equat.i1as
were solved again with these two covohuncs held constant
at their original values (multip2led by the average X from
the determination of all of the k1ob). Tablo III contai•--
-- o resultIng kv, together with cur '-cometrical' set and

tim valus obtained by Brinkley and Wilson. The set
Obtzd by Chris•tian and Snay is rather different from
am ac ,.1(5) 6

TABLE III .S.*,S

Values of ki

Sourcek
HZ Co Co H2o0 N2  NO.

flson ) 153 687 386 108 333 253

a@"Geometrical a180  670 390 560 380 350

b 2 13 3  7940 4622 4267 4504 4168

Least Square 2133 6407 358;5 d65S 6267 4168

a Original set chosen so that kco would be about

the same as that used by Brinkley-Wilson.
b@

b Scaled by the average k (11.85) from the

determination of all of the kobs ee text). ,""-"". : :

In Figures 6 and 7 the calcul,-ted results for D -

are compared with experiment for bcth the geometrical and
the least-square ki. (To avoid confusion, results for

only three explosives are shown; the others arc qualita-
tively similar.) It can be seen that with the least-
square ki fairly good agreement is obtained. The values S

of the parameters thus determined are
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kc1  least-scLuare set, Table I=X..

The C-J pressures calculated with this set of parameters
are compared with the experimental values in Table II.

The variation of C-J temperature and pressure with
lbading density for three explosives is shown in Figure 8.
in Table IV are given (for 65/35 RDX/MNT) some points on
the adiabat passing through the C-J point and also on the
shock Hugoniot for the detonation products which o:igi-"
nates at the C-J poi.nt. It can be seen that for all
practical purposes these are identical over the region.
which can be studied by the interaction of plane detona-
tion waves with otationaxy metal plates.

6. DISCUSSION

As can be seen from Figure 7 and Table II the agree-
ment with experiment is good in the case of D vs. a and1

with the exception of TNT, fairly good in the case of
PC-J" The signs of the disagreement at both extremes of
composition may be interestingi The calculated high-
density D is low for RDX, high for TNT. For PC-j; on thn
other hand, the calculated values are high for both RDX
and TNT.

The disagreement of the calculated and experimental
P-J for TNT is rather large. Perhaps a more enlightening
comparison of theory and experiment can be made with a
quantity related to the adiabatic compressibility:

-1 (6.1)

This expression can be obtained from Eqs. (2.5) and (3.21
by neglecting Po" The values of )* obtained from the

experlmental eoj D, and P, together with the calculated

values of e* and the fraction of total volume occupied by
- ( graphite are shown in Table V.
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* .Adiabat. andL Shook 1IugOnlOt Thivught the C-j Point

* I,

.' . R .q S.;1

0.600 0.5320 2.98 0.5344 1.259

, 0.625 0.4713 2.96 0.4725 2.202
0.650 O.A4l2& 2 0.421 .152*0,675 0.3757 2.3 0.3757 1.104
0.700 0.3378 2.91 0.3378 1.063

0.725 0.3050 2.90 0.5050 1.025
0.743(CJ) 0.2843 2.89 0.2843 1.000
O, 750 0.2765 2.89
0.800 0.2296 2.85
0.900 0.1643 2.81I. 000 0. 1225 2.76

1.2 0.0743 2.69
1.4 0.0493 2.62.1.6 0.0349 2.55

1.8 O. 0259 2.50
2.0 0.0200

* 0.4
'6m

0

S 0.3 T

0.2 J.000, o -- -- RDX •;

"0"P00 . --"-65/35 RDX/TNT

0.11.0 1.2 1.4 1.8 1.8 2.0

8p (g/cc)
Fig. 8. Chapman-Jouguet Pressure and Temperature

Calculated with the Final Set of Parameter
values (5.5).
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Explosive
Ex2pL'41ei rrmz~al calculated V/

RDX 3.04 2.908 0.0497

H 2  6  2.93 2.902 0.0633

78/2*2 RDV!tW, Z&3.. 2.831 0.07Q

65/35 RDX/rNT 2.79 2.867 0.0945

TNT 3.47 2.912 0.1837

It can be seen that both calculated and experimental
p*,s have a minimum as a function of % RDX. The former in
undoubtedly due principally to the large -* of graphite.
(For our graphite equation of state at the TNT C-J point,
j* = 5.65). Assuming that the usual equilibrium detona-
tion thepory applies• there are two possibilities which
could explain our low J. for TNT: a) the 1* for graphite
is low, or there should be more graphite present; or

*-b) the gas equation of state does not predic4 a suffi-
ciently large change in • with changes in gas tomposition•
or the gas composition should be different trom what it ia'
(probably in the direction of larger components).

In addition to this poor agreement with the experl-
mental PC-j for TNT, the equation of state (1.1) has otherl
unattractive features. The results obtained with the
geometrical ki (Fig. 6) and the very different set of k,

(Table 11) required to give agreement with experiment
indicate that a priori estimation of the covolumes is
likely to be unSa~isfactory, and extensive least squaring
together with additional e..perimenfal data would be
required for the introduction of any new t-hemical compo-
nents into the detonation products. Also, analytical
examination of Eq. (1.1) reveals that as Vg is decreased
the minimum in P vs. T at constant Vg will again occur.
This unphysical behavior reducea confidence in the equa-
tion of state, particularly if it is to be extended to
smaller volumes.

This equation of state is probably fairly reliable
if its use is restricted to explosives which are similar
to those included in a determination of its parameters,
and to pressures and volumes not too different from those

( existing at the Chapman-Jouguet point. There would seem
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to be little ju a tor ItU use in an extended
extrapolation oa any sc rt.

b .. u W ik in planned on this equaton of .e, I
instead the Ln -,ardonea-Devonahire free volume equa:tion
of state in bing inveatigated for-use along these same
lines.

The authors are indebted to Frederick R. Parker for'
help with the machine computations, and to W. W. Wood for
several herptul discussions.
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There are still two amedntal unsolved problema in the
anzalysis or the ideal b droVwdy mi-th 1 rdyrnaMic theory of duitona-
tion in condensed explosives. One of these is the choice or anc

*equatl=onfa state from which to calculate., primarilys the mechardeal
* ~wor dbms in t~hI~arman-Jouguet 'compretiuion. The other involves

the question of determining the chemical composition at the Chap-
mgnsn-'3aoguot point and from this the change in internal energy. The
claa~slca3 approach employs imperfect gas theory., using equi].briui.

Aconistants etalted'from relatively low temperatures., anA assumes
that the Chapizan-Jouguet products are normal,, stable moleculeao
Mhl~e this in ctrtainly carrect, for gaseous detonations and prob- S
ably a godapprwximation for condensed explosives at vem7 low den'-
alties (age void aspace) theme Is considarable doubt as to the
trathfuflneas of the basic asmn4tion at the hI~z~a densities.
Using an uperft~t gas equyation of ntate, for example9 it. is faund
nocessa; I to make excessively large fugac-Ity corr~ectionsa in order
to fit experiwzital detonation velocity data,,

The equations of state that have been proposed td cover do
tonati47n phenomena are as varied in ov'igin and purpose as in con-

tent. Hich success h;ad been foundj, esp.-.ciaflly in the last decade.,
in correlating experimental data of mary explosives with a co~nimI
theoretical treatment.* Tho equations developed for this express
purpose are capable of approx~imately predicting results for many
explosives. Another line of attack however, has been directed
towards predicting detonation velocities without the uie of detona-

tion data. The results of ouch eqtzationa do not completely agree
with observed values (as might be expected, considering the dif-'
ficulty of a rigorous'derivation of such 'an equation cf -state) but
they are bufficiently accurate to suggest the essential correctne~s.
of the usual thermodynamic-hydrodynamic approach to the detonation

inces the firs~~as the methods of Cook(l0j. halfordj, Kiati-

akowsky and Wilson and others, have led to especially fruitful
Unclassified



7inpredicting dotanatio erIta.uprsc7
a jý ýhas also been used.% but - aLam oack

&at-Aw Poie ave used a modified ba p anc&ttsMmuzl
the- resrdetive condition that or/J MMer a Is the COT*.-
umza), whereas Jonm has used theZ "ýioa that (p/ aV) a-0.
Previous to this the Abol type of dquation was quite usefuI teth,

a azgarded as a conetaut dep.' U.nt upon initial J..oading dAn-'
aity.This form of the equktawu ±sr of coursee, convenient.

In the latter clasal Jones applied data from high-'pres'-
wu- a iasurement~s on nitrogen ,to a solid state model,, and ob-n
tained values about 17 per cen/t above the observed detonatlonD
velocities. Kihara and Hikiia(6) have derived a virial type of
equation with the intermolecular forces assumed to be given by
the repulsive term onlyr of a Lerxnar'd-Jonies type equation, The
exponengt of the dintance was determited fr~om detonation data,. azrd

was found to have the. value of 9p whiah agrees quite w l3.1 with
1d~neic thory easu eznt~e Cottrell. and Patteraon(7) ae zd

4the values for the compression enerw of a by4d'ogas molecule-donl
* ~that were cbtained from quzantum inarhsn5u ecaUtlatione. The

detonation velocity predicted bv their theoy vus :M goods agr~ee-
stnt, with experimeital values. Both these workers,9 as well as

Jones, fitted parameters to detonation velocity neasuzmannts for
the final analysis, although this wasn not neaesaagr to deviomtrats
a satisfactory agreement.,

Andersen ard Parlin have recently derived equations
based upoa the concept that at hiZ-h denr4.tien the Chapzzan-Jouguat
(CJ) Twodizots form, a lattice stxuaturej and the corresponding de-'
Smes. of freedom arn. vibrational. The primary contribution to
their eqiZ-4tin of state foallowe from a tamn ersaing the change
of vibrational frequency with volume. The value of a parameter
used in theIr theory was determidned fro= detonation data., and
found to be in approximate asreement with solid state theory. Ths
equations derived by these workers are exceedingly easy to apply
in Practical detonation velocity caldlations.

In vwiat follows, the lattice concept in(S) is retained,
The equations wre extended to include a very large range of load-
iUS densitieo by requiring the equation of state to reduce to the
perfect gas equation at high volumes, Factors other than the
equation of state may be expected to vitiate the treatment in the
low density region., of course. All perazneters ard determin43 by
physical data-outside the field of detonations., and the results
agree to within about 13 per cent with the experimental detonation
velocities. The dependence of detonation velocity upon loading
deneity is altiu in agreement with eyxperimental findings. The
oqizations derivedi lead very natix!'ally to the concept of univers al
curves of the reduced variables,, velocity,, volume', temperature..
presoure and material velocity7 vs. the reduced loading densityr.
Such relationships are particularly simple in application since a
IsL~gle solution of the equation is sufficient tor all diffe~rent
explosives under varying initial conditions. Finally the results
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Seauftubiowta are applied to several actual explosi4vm and tbl,
n rsal correlation- with eaured velocita sohou.-•

MAr , tWL various MleOUIM fpouza at -the Cs mwrface
are COnined. by extw;7.high. presaures,. they will ocmupy a vol-
Sme ccqarable to that of the solid cris w1t n m v 'itself

:m!.at room temperature. This volume may reasonably be presumed to

depend strongly upon the initial loading densityl at maximu
density the final ci volume e be sweent T-Z per cent

of the undetonated crystal volume, and as the initial axplosiveS~is zad to occupy a lar~er volumes the CJ products also become•

vrowl=1n.s A theoretoical treatment of the detonation pro-.
oese,, depend upon the theoretically predicted pmoperties of

"these high-dansity CJ products. The properties that are so de-
rived depend upon the model used for iuteratotmi and intermonIa-
la" potentils. and the sa1=liications that "a made In the,

evaluation of the con•iguration.1 partition function. An exact-
ing GpiA le approach (the emiriciam of which should not
depend upon detonation data 2 j)e would employ experimental
data from k)inot theozr7 solid state phyuloss etc. From the
abov the form of the partil~ion function is obtainable iz princi-
plea but not without considerable difficulty,

Somewhat simplified models may be asui•ed bhwevei, and
som of these lead to a prediction of the detonation velocity
with considerable accuracy. Thus the Abel equation of state can
be derived from the hard-sphere model of a gas! this equation is
most sucoessful at low loading densities. Howeverp the correct
results fOr detonation velocities. are btaitned only if the size
of the hard spheres is made dependent upon the initial loadin
density of the explosive.

; The Andersen-ParlIn equation of state is derived from a
solid state, harmonni-oscillator model, the frequ• •y of wh h
i=crases an the -nth power of the volumw. This equation is
so essfutL in the high-loaadin denaity region with rueahofle
Taluss of a. However, M zust be made to depend upon the bital,
loading density in order to preC.ct detonation velocities*

In this region of high loading densities, there is doubt-
leos an adtantwie in coa•aring the CJ prcemts to a snold a
Certainly the thermal motion of a given molecule will be a peri-
odic vibration within a small confinement spaces and not a trans-
lation along a path of uniform potential (which latter assumption

leads both to the perfect gas and the Abel equations of state).
As the loading density is greatly decreased, however, the p0r4eot

Was law =at certainly eventually become applicableb
In this paper e simplified model of a vibrating solid

leaft t. & partition function, from which the equation of state
in derived. In this partition function are three fundamental
paraweters. At very low specific volumea the only important
forces are repulsiva, dnd the value of one parameter is determ-
ined by the exponent of the repulsive term in a Lennard-Jonea
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t of ptn equatinn The 'on-aition that the perfoVt g,.

equation- of *tat&- ix adeqato at. Iag specific- volumes fix&*~ the!
nsecond pam'al•:Dat Tha aovous contftcn. that the repulzive aiA,
attractive forces rest eql z at s•= .y f±7U s the last
of these parameters. The partition f=tU W thai w ntena tor
Is, as in the previous, di•cusson, that of a hu.non i t
moda * At M& teuperatures the osc tor are a lly etamit'
e4 and the partition function goes over into the for=

asaV)vu(V."(1

The 3rintein vibrational frequency is made to depend Up=u
- *.the vobw=, and this dependence is chosen such that the perfect

gas Lw resalts at high volmems. Since it has been the object to
choose a hI•h simplified partition functionv there aim a n .
tf shortcomin which -just be corrected for in a more elaborate

.thAry. It is proposed to discuss these now;
* - 1) At low voImes and high temperatures,. an anhariw€n
L corration may add important terms; to Eq 1. The
potential energy of a vibrating molecule ±8 umsally
expanded in a power series about the point of mlmm
eueray. Only the quadratic term is retained for low
ampltude vibrations, and this term leads to the factor
kT/hy of Eq. 1. In the high temperaturwe re•on, tho
higher order teorms of the ecpansioon should be kept (be-
cause of the large average amplitudes) and the cof$g
irational integral re-evaluateda

ii) Although the frequency, v, depend; upon volvmA in on*
a way that the perfect gas law results at large volunes,
the pxrtition function above in obviouw4 iot correct at
the higher volumeis. It is important to note that Eq. 1
predicts a specifiz heat of A fbiOevery degree of free-
dam for all volm•s At large volumes many degrees of
greed= will aotually be translational and rotational
and thus IU. contribute only 1/2 X to the specifin heat
At intermdiate volumes, sne intermeciate specifla
heat wu- result. Because of this dependence of specif-,
ic heat upon volume., the temperature dependence pre-
dicted by Lq. 1 will necessarily be unreliable.

iii) The equation of state at low volumes is that obtained
by assuming repulsion energy between atoms that varies
as some inverse power of the distance between the atoms,
where this power is probably something of the ordek' of
from nine to twelve. On the other hand, the equation of
state. at high volumes is just that of a perfect gas.
The regin between these extremes is Joined smoothly( but .n a somewhat arbitrary way. There is not a
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definite, woln eftblished model used fer this misp er-
faot gas" region. Asong other factors is the ooamn
entropy contribution, which would tnereas frv werc to"~R -- -- m the volume Inciveoeee 7he proper, eerr ette v . .

add thin-contribut'ion in the 'regon in whieh the non"
- - localization of aolecules becomes important, but the.

partition function would otherwise be unaffected.,
That these and other diffiulti exist in a pary reasoy

for the difficultr exper!ette4 I= predicting detona•ou parameetrr
on a purely theoretical basis. It- is likely that all of the cor-
rections demanded by the remarks above would be &taTly
difficult to formulate at the present time, and it is equally pv"?j.
able that any such formalisam would be so cumbersome that it wold
deman4 extremely laborious methods to solve for final detonation
properties. Thus we piopose Zq. I for its simplicity, and it i • c
interest that both the detonation velocity and Its dependence upoa
loadirg density are foun4 to be predictable w~thin reasonable 11*.
j tae vthout the use of detonation data as suoh*

'n the following discussion we will use as the partition II
function Sq. I, for the species characteristic of the CJ plane or
surface. The &,uation of state and the therual equation which fol-
low ftra this partition function are then givn as

4ln~ da

As usual we assume the customary hydrodynamic-thermodynaie %
conditions the therzodynarao properties. of the system are deters,-
mned by the partition fLnotion above. The nature of the .thermod,.
node quantity C-Bo) in the Hu,.onot equation,F,- go % P vO ) ...,

mset be discussed from the point of vicx of the particular model
chosen. Since energy is a property of a systei'e state, and is I
independent of the path through the reation zone, the energy dif-

ference in Eq. 4 will be a function of the initial state and the
Chapman-Jouguet state of the explosive, and we may choose any con•-
venient path between these. te have considered the final state as
a lattice structure with each atom confined by its neighbors to a
certain small region in which it may move. The composition of a -

sbestance is usually described by stating the number of atoms of a
particular type that are bonded to each of the other types of atoms.
(thus the composition is specified vhen we know how many oWyen
atoms are free, and how many are bonded to another oxr£gen atom, how
many to a carbon to fora COs etc.). In the case of a lattice

*..Won .p in ccmpariwn with p, as we deal o4 with Co&-
dons e t1vent
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- structure, thi-ecposi~ibo- Is deteraed by the number and typer of
naarrst (to a first. arpina'tion) neigibors for arW representa iv&
atem. Ih both cases the composition is- determined by temperature
aiz.'Vao1a. In paricular.,at bigk temperat aes a. gi7ien atom. w
==A& t & postdtion of' higher energr witb a MW ioraw
of- erzopy,. zn with a free gas as a mode! & cwtain. atom v= be
found dissociated for a fraction of the time. At very hi& tempesr-
ature. there will be a lage, concentration of free atoms. The lAt-
tice model is OMMtIy analogous: at high temqpeutures an a, -= m
be frmi In a TAttice alto of MO •(perhaps sudroubd• B at
oms whose valences are completely satu-ated). No matter rhat its
position, the atom will still undergo periodic vibrations around a
point of minim=u enerE'.

The composition that we are interested in is that appropri-
ate to the final GJ temperature and volume. Now let the fol.owing

esas take place: the initial explosive is transforied into the
CJ eoqx"sU,,tuo at .eo=nant volume and temperature. The ererg of
the CJ composition is an amount' AQ below the energy of the initial.
=3lsivej thus an amount of ene gy AQ is released in this process.

ukere in the enargy of the M~ composition at the Initial. teaper-
ature and density. Next the substance is ocmpressed and heated to
the fMWal CJ temperature and volume. This brings us to the Ma'() t•ate of ener.,, Be quatimon 4 and 5 can be oombined to .el ,nafeo', A-• + ÷ (V- V) (6)

Iuasmh2 "as the CJ aompoustion depends upon the CU.solume
and teqperature, and the CJ volume and temperature depezid upon 41,'
and AQ depends upon final compoaition, normaly one requires iter-
.tie-mads to obtain aw of these var lables. Of course they
hM depend upon initial density, temperature, ertc.,, as well. Ap-

plioation of such methods using imperfect gas model seems to i•;-
cate, however, that AQ varies only a few per cent with rather wide
changes in loading density, in most cases. As a firt approxima-
tiaon we will therefore assume in the following AQ is constant for
a given explosive.i

Prom Eqs e 3 and• w obtain
3.(T - To+ -e -s + p(V 0 - V) (6)

,,.e T.. a To an (V ) - e (Vi.) Th equation of state Eq.'2i,
can be arranged into the form,

3RT-.A + B p
g(V) - - (dr=/dV)(dV/d In v), B(V) w,-(dV/d .nv) (8)

from Eqs. 7 and 8, solving for the pressure, ,we obtain:
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